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Le domaine de la médecine est en constant progrès grâce à l’effort cohésif qui est produit 
mondialement dans le domaine de la recherche. Dans ce contexte, le cancer reste à ce jour la 
pathologie majeure, pour laquelle l'instrumentation thérapeutique, diagnostique, ou encore de 
prévention n'apporte que des réponses parcellaires. Pour combattre le cancer, il faut à la fois 
disposer de meilleurs outils de détection mais aussi disposer de moyens de traitements efficaces. 
D’un côté, les biologistes, oncologues et autres praticiens tentent d’élucider les mystères du 
vivant alors que les physiciens peuvent leur proposer de nouveaux outils de diagnostique, de 
mesure, de thérapie qui peuvent rendre l’acte médical plus rapide et moins coûteux tout en 
améliorant ses performances et sa tolérance par le patient. 
Les domaines de la radiologie et la chirurgie profitent grandement de ces avancées 
technologiques et notamment en techniques d’ablation. Les lasers de puissance ou les électrodes 
à ablation radiofréquence ou micro-ondes permettent une ablation minimalement invasive. Un 
apport notable de ces approches minimalement invasives a notamment été constaté en termes de 
tolérance par le patient et de risque infectieux. Néanmoins, ces techniques endommagent le tissu 
sain traversé pour atteindre l’organe. Depuis les années 1950, avec les travaux fondateurs de W.J 
Fry 1, il existe un moyen de réaliser une ablation complètement non-invasive à partir d’ultrasons 
focalisés en puissance : les HIFU (High Intensity Focused Ultrasound). Néanmoins, cette 
technique a mis du temps à se développer à cause d’un manque initial de moyens pour suivre le 
traitement. En effet, sans contrôle, le médecin peut atteindre les tissus sains et manquer la cible 
thérapeutique. L’imagerie par résonance magnétique est aujourd’hui reconnue comme fiable pour 
le suivi du traitement dans le cas d'organes complexes tels que le cerveau ou le sein, alors que le 
suivi par ultrasons reste aujourd'hui plus limité, malgré de belles réussites notamment dans le 
domaine de l'ablation thermique de la prostate. Une limitation majeure pour le suivi ultrasonore 
des traitements thérapeutiques par ablation thermique ou mécanique est le manque de mesures 
quantitatives de l'état du tissu lors du traitement. L’enjeu de cette thèse est de contribuer à 
montrer qu’il est possible d’utiliser une telle approche quantitative basée sur les ultrasons pour le 
suivi des thérapies par ultrasons. 
Dans une première partie, nous introduirons les ondes mécaniques pouvant se propager 
dans le corps humain. Ces ondes se distinguent en deux types : les ondes de compression, 
utilisées dans les techniques d’échographie, et les ondes de cisaillement utilisées en 
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élastographie, qui fournissent un contraste intéressant lié aux propriétés biomécaniques des tissus. 
Nous expliquerons ensuite les techniques thérapeutiques ultrasonores par hyperthermie et par 
histotripsie, qui reposent respectivement sur des effets thermiques et des effets mécaniques. 
Dans une seconde partie, nous montrerons l’intérêt de suivre finement les changements 
d’élasticité au cours de l’échauffement modéré des tissus biologiques. Ce principe permettra 
d’établir une technique de thermométrie par onde de cisaillement qui est insensible aux 
mouvements.  
Dans une troisième partie, nous aborderons la mesure de lésions thermiques irréversibles 
par élastographie transitoire permettant le suivi en temps réel de la formation de lésion au cours 
d’un traitement d’hyperthermie. Nous appliquerons ce principe à la mesure de l’élasticité au 
cours d’un traitement d’histotripsie.  
Les mesures dans les lésions presque liquides et peu échogènes devenant problématique, 
la quatrième partie de cette thèse se concentrera sur une méthode d’inversion optimale inspirée 
d’une méthode de géophysique appelée migration, appliquée à la cartographie d’élasticité de 
lésions. Dans la troisième partie, nous présenterons un exemple de thérapie cardiaque basé sur 
l’histotripsie qui posera certaines problématiques qui pourront être résolues dans la cinquième 
partie où nous présenterons un nouveau principe de cavité à retournement temporel pour 
l’émission d’impulsions de forte amplitude de pression en histotripsie donnant accès à une 
angulation 3D du faisceau considérable avec un nombre limité d’éléments dans la sonde utilisée. 
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1. Statistiques sur des lésions de plusieurs tailles dans le muscle de 
dinde. 
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2. Lésions dans le foie de mouton. 
6  F D F E(  DD OF DE4  D F %E D F
DEDD#DDFCFDF31)MBBFCDFDFFDF3%
F F EDF $-  BED DF  2 -.D  F? D%
% EF F FDF  12A T -2	 WD F &2 T -2$$ WD D FC ++ F
DEEFEEDFFDFFDEFEF#F
D( DFCFEF<ED DDF_Q/-DE4 D 
FDFFB&&-DE4#FFDFFDD(DD
AC:ADDF#DFFDE4FAC:ADDF#DD%4*D
AC:ADDFDD2EFEDDDED(DDF_QaDFDF(F2?

D  # ED 
DFFDF D  % 
>(DDFEDFD
-21D %F
D%ECFDEC

7/BDB	?
DEB6$"DB9B
$F"9$#BB9B#BD$
	FB#FD$B

<D(F  
FDF#EDFD
ED DDF D F
DF DFED ED
F
+DE:* ' F C	
FEDFD8A9
 D4  DF F
F! ( /-MB2  C
D C?4  DF
DEEDFD5#DC
EDFD F  %  D  
F F F AC:A#D:#D  E
EEFD3:CDF
!2  CDFDFF 


	B	AA//CD		D	B$	DBE
		AB	"BEB$	$"DB	BEBD<
D	$"BDDEBBB$	"	$ED	
	ABDBDE	BD$	EB6B$"
% F?E FF CD
FD%D
FF  F 3 F (D%
FC F  CDF EC?
F F D D   CDF
*DDEEDFD2EF
 ED#  D F F  EE
 # D4 F  
F  C F D + 
F3DD%CDFEE
% D  E
  _Q F 
4F
F F4#

B$	$"D	"B
FB"B$$B
BD9BBEBD<
D
FF
F2F
 BF:CD F
  D FF 
DFF D( D
F#
F DF 
:> D 
 D EF2
F
	AAA	B	CDEDEF		E			DE	D		F			DDE		

A)

D 4FD#EFEF8$&9D#DCFDF#D(E
 Q2 D   DFDF DFF F #  3  CDF FF
EFDFDD

 DCAA	ADC	ABAADEBA
D  D ED  FEDF    DF D F DF
FD 2 E FF   F F DD F
%E  DD D F D 3  BFFF FDF  F2 D2
ADD  D D(  4FDF FC  ( (86/609/CEE). 0F D#2
DD F DFC D(  FCEFD   B-RWRV2 <D2 +ED ,CP:
D "F2  F ED   (F2 DFC F F# DFC FDF
D( D B 3 $NDD  %?4E  FDFFF D  D 
F D  5 ED BAC:-D D  D F ED EDD4F D%
#D
 < D(F D  CDEF   D FCF ED   DF
FDF#D%(F;3DEDFDFDDE*DFFEDF2
(FD#FFFEDDF 
DD(F(F FEDDEDFDFDF
D OD#D4 DDDEFD%DEDFE D FDF
DEE%DF(F D >  D D  E% Bb-21D F D DF F %
D ED    CD F FF DF ED  DF
CF4 FDEDF  DF  #F CF E D FCF 6+ BC:
FDD
 !DDE(DDCD2DEDDFDFDF3
/.EDF/-EDAC:-FEFDFDFDF
DFF4FPFEDFFDFFDF?FDFFDF
/2&&T2WDDDFEDF1FDFF*E2#
_QDAC:-FDF(FDFE2FDFDFCF
EDFCFFDFF%EF3 %FD B#
 F #D  F ED DF ED  CDF  Q DF  F DF
# EDF 3  EF D D  3 F FD DFD  F
EF3FDFDFDFB(	2$F)WDD


DD



#D

;2	BBEB$	BEBDDC	5D$	"$	BEDD#
0$	DA	B/B	?	BEB$	$"DD<

 < D( F  D FC F DEED#   D  D  D#
(FFDFEEDCFFDFFDDFCE
FDFD#DFBFDFFE4FDE
D(DF  F    FD D E  DFC D  D#
D(DD?CF:EDFC
 
	AAA	B	CDEDEF		E			DE	D		F			DDE		

A	

 DCB 	A C ADDA A 	A DCAA 	A B
EC	A	ABCADA
B  B	
D?FFFDFDF1D(A8$$98$19
"F2DCDDFED%%EB?CD12
DEEF? -NDF DF (DF FEDF#D  CD
D%   B3 1* D  D FED  DF  CD %
#
D ED   DF  FEDF E(DF  D AC:) D F
E&ECDFF
CD*1-MB3)-MB2DDQR0S:WDRMB
CD$*)-MB3/-MB2QFDF
CD1*/-MB30D%2DFDF%EFQ
CD&0D%31-MB2DFDFDBQR0S:WDRMB20DFD
+ D FEDFD%D F  3 /-MB2 D D%DF F D  FDF D
EDDEDFDFQB0D%D
DF#F  FEDF 31* DF D ;3 D DF F  (D 
FEDFFF(FDF"F2 DFCFED
DF2EEDFFD#FQR0DF(DF
(DQEDFDB:2-WDRMBD+DAC:2DCDD
FFD(D%S12/DF0@A6SA)DD(FDFDF
F3_^S121F_]S$2	D FEDFEF>F(D  
D#(DFFEDFBFE$D"F2 DEEDF D DF
D(FDFEFDBFE&&D2ED
DFEDFEDDFBQR0X-DDFDBF--DF3
D   D DF2 D D%DF ( # FC F #F D(  #
DFDBFE$1	D

/$	DEB$	B
*FF Dc2EF D
D(2FCFDD#
DFFEDFD
5FDF>EED

B !F	
D FCF ED 
D#DF FC E D E
FDFF @A6 D F D 
(#B0X&1MB2FD
D#D#FQR0BB
EDDFE
_Q D F F F (F
D#DF2EEDF
D    F F 
BEDF2   D
D"B	DEBEB	$$BBBE	$	
3 D  % E
 F D !F
FDFDDOFED
FDEE%EFDF
FB	
 DF B+.0D F    e
4  B0d&1MBD *D %E 
  CDF   % (( ! E
FFS/-2EDDFS12	).
CDEFD"F2(FD#FDFFD
 B--2EDDF 2
  FEDF  DF  F
#FQR0D+FFCD
DF2 +.0   E DF
 D EDF EF2  ? D  F>F

D	DEB$"D
DF D FCDE 3
 EFD
FFD
( D  
 D EDF '2 
DD#2  CD
DDFDE
FDD(
 -.DF D
DF   
D:3
  FEDF
3 D( 3 D  D
	AAA	B	CDEDEF		E			DE	D		F			DDE		

AA

FEDF F D E  D 5 D ED D 7  DF
EDFFFFDFF
D AC:$DDF  DF  FEDF  DF EDF D DF 
3F FEF! DFDF2 (DF
FEDF  DF  + D AC:$D2 F # BD2  F
DDEFF (F D FEDFDFEFEFE4
F?!EF 32 DFEDFDFDFO3&)MB-3
)- F E  3  D(DF D   D DF BFD BFF 5
F3EEF(DFFDFF"FDF2#
 FEDF  DF  DF  D  BF F FDD FF
(FD5(FEDE*D2DFEDF
EF>FDDFDFDEDDFFCDEEDDDFEDF
DDFD

(3	DEB$	$"DBBD"B	DEBEB	$$BB	'	B/?24
BE"BBEB$B	BB#'	BEBD<$	E	BBBD$BDB$EB
BD"B/?2	6DE9"BAB	EDB


!2  F   DFDEC ++ F DED#   FDF
DFFD D  FCF (F FEDFD 
FDD(DF +.0EFD % DFFD 
DFDEDFFFFDFFDFCFFD


 FB

"F(2D(FDDFFDF(EEFDFD
D F>F D D   F FCF  E  CDF
DFFFDF>CDFEEFEFF
#EDD4F3 DDFFD3 CFB
EDD4F EC?  F D F F ( ED DFF  F2  F
DF DF   D DFDF FC   F  F4 F FDF
E DFEFDFDF13 D FDDFD 
$-31-NDFFDFFE#>DF
 %EFDF B5 E 3 D2 E  D2 (FfD D
E#FDEEDFC D(DF;3 D#FD%(F
(DEEF(DFD#DF,AF@A6*(EFO3
3 FD(DDDDFCF
D(D(DDFD(DFE(DFF
E   EF  D   F  FFD2 7F:3:  
DFDECFC%EFDDEFDFFDF"DFDEC++F
D E FDF F  "2 DFF D FCF ED 
DF

 BCDEF D F D  D DF  D 
$
   >DF
D EDF  E D(  EDF C5    #DF 
FCE3FZ FFDFBFEDFg  DFEF
D



 '!DFC	2KFFCDFCDE?#DCDCDCDJD(
FCF?L2ECFECBFAF	2$-
$
 '!D2F2F0DF2KFFCDFCDE?#DCDCD
+CDJD(DFCDL2E	CFE	CBF		AF	2$-
	AAA	B	CDEDEF		E			DE	D		F			DDE		

-



C	"B 	
EF	FB	


 FD F F D  D FCDEF E D#DF CD 
DDF   FD  D4 :(D( D  F #  FD
D 3 CDF FF E(F    FC D D  
D

  BEBA
CFFE F  FC FCDEF D#DF #D  D D(FDF F 
EE F  DF DF  F   FDF  E F4
F  CDF FF 8$)9:8$ 9 BFDF 3 D#DF FC2  
%EFFF4FDEFDFDF#E(DF
FDFF2FDFE(FDDFF3
C4   FF DFDF  F F DF  D  # 
D(FDF  F F 3CDFE EFBF EC4DDF:
FF FDFF D  DEDF( B  :	DDF 
BD:(DD#DD(FDFDFE4#` 
F (DF (F 3 D  F FF  D  # 6  C?EFC4
EFFDF 7%E D F  D  # F  
DEEF(B--DD(FDF(ED%D#FDBF
%,S:D`D(#EEFFDEEFE
FF :D F E CDF    E DF !2  EC4 
EFD(DF(FFEDDEEF3 DF;CDFFE#
   F D4F F  %  D4F D F;C DD D
FD(D DD FDFE D 52 FE#D 
DD FF 3 D  D  FDF  # DF 3
D :F BFF FC D FF D E  DFF 
F # B2 2 EFDF2 ?D2 FD D(  CDF E D E

4  8$	98$A9:81$92FDFEFFE(FFCDEFF
ED#DFEFD
6DFDFCDEFDF?F4DFEE(
F  D  FDFF D D(FDF F  E FCDF Z D E#D#F 
DF  # 3  EF % F  ED    D(FDF 811981&9 
F   F Z D E F EC    D(FDF F EF#2 ED
%E D% #  D F;C D +  EDD4F  FDFF F C
FF2FF3D5DD(FEBFF
EF ED  D  # D (# D( D FD * E2 
DFF D F   CDF DF 3 D   EEF
D F  EEF  F FD  F FDF < D
(FDE#FD(DDFD3EDFD':
(FEEDDCDFEEFD;3D
FC"DFDEC+CD.D(

 	ABEBA
B #F		FB	
FD2D(D 3 DFDF:F
BS//- W@52 D2 R*S2 S&)D DF ED  DF E  ED
BC!:$)--!2,0"B2"FDF:6DFEDDFFDDFB!AC1-20WFW2
"FDF:6D  CDFFFFDF B NDF2$NDDD2 F
CDFECDFFEDD#DFCFDFDBE
 2 FDFF-2AN<DBDD($ FCE EDFFFCEE
DDCD%EFDFFDAC:1

	AAA	B	CDEDEF		E			DE	D		F			DDE		

-1


4/"	B6"B	$EB	BBEFDBEB"	$$D

 D F F (D D E  $ ? 3   
EFF B,ADW@5`$D E)?3,A$)-@5<D(FDF
D$DFDFEDD3DFD(FDF819
" F2  %FDF 3 E D# D    E C4 D  ?D%
DF(FED FOD%>FD DD(
%EEFFD(D$D
DEDF(=FDOF3&2ADE CDFDFF3	2$D
ECDFD43FF3FDD
# ECFFE F(EDF$- (EDED
1-ED':gDFDECEDDF
FDD(D3 @53DEFF?EDDF 
DF 3  D  - W@5 B CD F EF O3  D  FFD
%EF F -FH D D4 FF  $-  FDFF 3 
DCDECFDDF3DFFFD;3DFC
FE(FDCDEF





B #					FB	
*FEFFF D DFFDF(  FFFD
F EF >F F E E    DFF  F 81/9
BEDF2 FFE #(DEE4F F
<DDFDFFDFDFFEDF3D
#FFF FC<E DCDECFDD
D 3 CD   $-   FDFF <  FF
F?B'DDD
lésionrdlésionrd
SI log.20= 
HZ  DF  3 D (D D D D 5 C FF F
D lésionΙ FD:
( ) ( )0=−=Ι tItI lésionrdlésionrdlésion 
>  F DEE D  5  F D Z  FDFF F ED
DFEEFF
6FDF(EDFFFDFDFFCDF
F F  D AC:& ! #F  FDFF2  F   F 
CDFFF!EDF -FDFF2FFD4F
O3 DFF  (D  :12/' *4  -2  F DF  F  D
ZDDFDFFDCDEEFFDFD
F FDFFD2EFFDFFDF
EF(FFFC"F2.DFC	FO3DEEF DEC?E:
C$$) EFDF#DD5D
FDFF FDFD#E(F>F FD#2DFF
FCF D F( EDFFE>C#F # FE


	AAA	B	CDEDEF		E			DE	D		F			DDE		

-)


:/EB$FDB	$FB""DE"BE	EDBDC	ABCDEB
E!	9B>;ECE"BB	EBD#BEF"D$DEB$FB""DE"B
D	$"BBDDEBE	$	$"DE		#$BB$BDED6DAB
 <FDFDF%EZ#DEEDDFDFD
FDFFBFDFFDDFF3$ -EC?E:CF
 FD F  #  # EFDF "F2 FF F 
O3:)'

>/EB$FDB	$FB""DE"BE	AB$EBA"$	BC	ABCDEB
E!	9B:;ECE"BB	EBD#BEF"D$DEB$FB""DE"B
D	$"BBDDEBE	$	$"DE		#$BB$BDED6DAB

0F2 E#4DOFFFCFD DF
D#FFDFFE#(FFFDF-3$--
BFFFC(FEDD5#EFFDF
D#F FDFF2  D O3 F #( ED.DF C	 81/96 DF DEEC
F3EEF#D

B #		$	 	%B	
aD  FDFF DF DFF D4 (#  (#2 
FDE DFF ED  CDF  EEF #D 
FDCDFEFDFEF F F 8 9
<D(FEFDDEDFDDCDEF2FE#
 (  F FC (# D   (D   FC D(
 D E 898$9  > EF EF >F DEE D% FDFF
CFFE < D( F  EF F D D EDF '2 Z  
D"DFDEC++FFDOFD%D':EFFDFD
EDD%FC<D(D#F DFD
E%EDDFB<S1DDFD%(FEFAC:/


@0D$DD!BBEDE$BEB	$$BB$DEB4	BBEFDBE	
AB$EBA"$	B

	AAA	B	CDEDEF		E			DE	D		F			DDE		

-	

H FDF  D F  4  #F  FDFF  - 3 $- ! $-2 D
FFO3FDE3EDFFFDF!FFDF2
 D D E  # E  EF# D D EEDDF 
DFDFF(F>3F-2)WD
EDF D  5 Z  ? D  #  F ED  3 D F 
FE#4(DFF#D(FEEDDFEED
DF3EFFH2DFCFE(D43
 DF  DF FDF  FE  (  F DF  F 
DFDF-FBCDDFEDDFDF
F  D  FDF F  EDF ED  F DF E
 EFD  FDF  D(D DF " DD?DF  FDF E
EF2DEEDDEF3EDFFZDFF(D
EBAC:/3$-D2DFDF(FE#D
 ,E%EDAC:)ZD(FDF
DFEFFF+ DAC:	2FDF
DF 3F FEEDF  FDFF BDD:D D #
(F BAC :	D D(   DF (   D(D FDF F
D(DFD#DD(DFDF+DAC:	D2D
 &   DF F D  E#4 (     DFF
E3-2 )DD5FDDBFF5DDDFFE3-2
%EED##3(DEC-


A/EB$FDB	0$	DA	B//C'	BEF"$	"E"BB	EB
D#BEF"D$DEB<BDDEBE	$	$"DG"$B"CE		#$B&G	#$BC	"
D&B$BDED6DAB

FDF    DF F   D D  D : 
F(3FDD(D0FD#2D#D%FEF
FDFEDF3DF*E2DEEDFD#
  F (F ED DF D ED  1-  4 FF  D
FD2   EF D     DF   D 5 F
E>C>DEEDDFEEF?D(DFD"2D
DF  D  D 3  EFDF (F EF  D EEDDF 
  DF    E#4 EF2  D( FF E
  DF FDF F  DEEDDEF    EE  D4 DF(F
#FFDFEFF(EDDFDEC++DFD
D(DD
<D2   E(   DEF DFFDF   D  
FDD(D3DFEEDDFF4E%6E#4(#D
F D FC DDF D D#DCDEF (DFE FF 
FDE#DFF


	AAA	B	CDEDEF		E			DE	D		F			DDE		

-A

B 	 	 	 F	 	 F	 	 	
	F		F		B	
 DF DEEF  DFDEC E  F  #F  FDFF2
EFFDCDFDFB<S1DFEB<S)D
DFFFDDFEFDDFFDF<
FD#FFDFF2O3E#4EC?
EFE>CFFDFDF

	ABCDDEFDC
< D( D F FDFF     DF  > EF B N
DF2 $N DDD    DF   E  D F D D ECD
ED  FDFF B AC: #DD D  FF F  (D
DF(F3EDF$-FDFFBAC: DDD*E2D
%E2DFCF=FEDEFDFBF:1'D

E'D#BEBDDAD!B"B.H4	BBEB"	$$DEBA"$	B
		B""DE"B#0$	"

#DEEFFDF3#FBB<,DFEFDAC:AFDF
DCDECDFO3-2)DFDFDFFDF
4#FFDFFO3(D/2)FDFDDFF
1EEFDF


7'D#BEB'.)D!B"B.H4	BBEB"	$$DEBA"$	B		
B""DE"B#0$	"


	ABCDDEF
>%EFDECDFB<S)DD?
FFFDFDFFFEFDAC:$-DDF#D2D
FCFFEF4#FFDFFFDFFF(D:
-' D D  D FE FS$--   DF  E DEF F
O3//NFDDD


(;'D#BEBDDAD!B"B.H>	BBEB"	$$DEBDB	
	B""DE"B#0$	"

	AAA	B	CDEDEF		E			DE	D		F			DDE		



 DEEFFDF3#FF#DFEED%FC
B<,DCDECDFFDFO3(DD
B<,DFDFO3(D$2)!FDFDFDEC++
F$2)EDFDFD':


('D#BEB'.)D!B"B.H4	BBEB"	$$DEBA"$	B		
B""DE"B#0$	"

  DEEDDEF D  CFFE F  CDF DFF 4  #F 
FDFF F ED D(DF >   CDF  EEF  F
DEEDDF " F2   DEEDDF F   CDF
E F F ! EE2 D F EF (D   CDF 
FF   C E D F F ED  FDFF DFDEC ++ 
D EDF  FDFF D(  F4 D #F F F FC EF
DFFFDF$2)31 E F DCDECD DECD
EDFDFF 
<D((DDEDFEFEFDDFFDF
DF#FDEFDFDEEDDF?DED5
DCDECEF EDF DF*D DEDF
(DF2  F D EDD F DFDEC F D CDEC
EDFFFFDFFD(C%DFDD# 
 
 
 




B 	 	 	 F	 	 F	 	 	
	F				B	
DFF F  D FDF EF DDFFDF
< EF FF D#  %E #F D    DF E 
FDFDE

	ABCDDEFDC
D  DEF>F#(  DAC:$$DD +%F DFD F (D3
$ BF  D AC:$$#D F D2 D F  FDF D  
FDFFDFFFFDF3EDF1--FDF
DFFFEEFDF$&-F)--DFDF
F(DFED(DEC-3DFDFF2F
DD(DD?DED(FCDD
CDFE

((		ABCDEBH>E;#'	BEF"$	"H:;;0D$DEB$FB"
"DE"BD	$"BE	$	$"DBE	$BDEE0D$DEB$	AE"E	$	$"DBE	
$BDE

	AAA	B	CDEDEF		E			DE	D		F			DDE		

1

 D AC:$1 F   B<, DF O3  (D  & D #F 
FDFFDFFFB<,3-23FE3!F
 1--  FDFF2  B<, DFF  FF 3 D  DF(F  #
EFDF0F2B<,DF3(DFFEDB<,CDEC
O3DFDFF

(4)	DD	B#EBEB6B9B	DE	BB

D E  EF  D DF F   DF  EFFDF D 3 
DFDFFFFF2EDFFFFDFF
*DDEDF(DF2C?EFC4D#

	ABCDDEF
 6 FDFF F D    E  FDF  FDF FDF 
D?$DEDFD(DDDC;3D2DFF3#F
&  D4F   F  D  D CDEC F AC:$&DD B
EF2 D F F4 DF4 #F FDFF BAC:$&#DDD
CFDD  4 #FFDFFDD4
(FBAC:$&DD


(:2	BB"	$$DEBDB	BDBB$	BE	B	)H(	
	ABCDEBH>E;#'	BEF"$	"H@;0D$DEB$FB""DE"B
D	$"BE	$	$"DBE	$BDEE0D$DEB$	AE"E	$	$"DBE	$BDE

6DF%EFFDAC:$)D(FDF
EEFD(EF"F2FFFEDFDF(F
# D D 5 FDF2  D   DDF F  FPD# D F  D5
EFC(DFFEEDDFDE(
	AAA	B	CDEDEF		


(>2	BB"
H@;0D$DEB$FB"
EB
 B<,%%E
FFOEE
E(
(@0D$DEB	D

E			DE	D		F			
	$$DEBDB		ABCDEBH>E;
"DE"BD	$"BE	$	$"DBE	
$	AE"E	$	$"DBE	$BDE

EFFFDAC
DFFDFFFD%%E
DCDEC
D	B#E	$FB6"BBEB$	
$FB6"BBEB$	(>D#

DDE		
)

#'	BEF"$	"
$BDEE0D$D
:$/FDF
(D1-

(:D	BE	

CFFE F D DED#   D D% 8&198&&9 F  E 
#D *D D EDF (DF2  F #4(F  D D(FDF EF
FFFF4DECD


 !CADA	ACFCDCAECBEBA

D %#F F D DEF  FD EF h(D  FDFF D 
(F 8&)98&/9  e F D  E CD F  (F F  E
DE6F(FEFDEE3EDF DCDEC2
EF(FED53FDF>(FE(FDFF
(F E 3 -R * CC  (F CD FF  
4 DD  DF E#  FDF  EDFC DD C5  (D:2
DEE C?EEDF (FD DC2  FD#DF  DF F:DD
EcDFDFEDCFFE8)9
DDDFDEDFCDDF4EDFDFC5
E;DDDEF>FDEDF(D(D
#DFFFeD2DC%?4EDFFDC(
(FDCEDDFEDD(D(FDBAC:$	DDEDFDE
EDDFEDD(D(DF*FFe2DDEED(%?4D(D
FFFEED((FFEDDFED D(D(FE
E >F  (  E  FDF  e ED D (D( ED H F
% F?E  (D( DD  (D( ED F DF2 F (F F D
FFFFDFED(2F (D(FDFFE2F(FFD
F F DF ED  #  F #% DEE D F% B
D(FFFEFD(FDEDE
D F  DF F  (F ED DEEF 3 D (D(FD !  
(D( (F F  F  E D% CDF  E  e2  EF
DEEDDEFDDDDD(DFFE
 (D(  e F E  DF D  EEDF D(DFD !( 
FE2eEFEDFDDDEFDEEDDEF
	AAA	B	CDEDEF		E			DE	D		F			DDE		

	


(A/"	EI	*BE"BB	$BD	BB$BDB$$BBB$B
B$B

< EE   F  F FCF E#  FD# 
%#F  D (D(FD DF E FD  # FDF  e 
D4 FFDF  (D( E  EDFF  D  @PEFD
"ECEDDEFEEFDFDFDF
FDEDDFD#DDEDD#DFDB,AD8&	9:8&A9BF
FFDEDEFFDF3D(D(FD%D
FDFFDFFFDF#F3FED##F
FCD%FD#DF,AFDF(D(2(F
FDFFFE#D4FFDF(D('FE
FD3 D(DDFEFDFFFD2F D
DD#FEC?FFCED3DCFFE
EEe #D# 3   C6 eE D F
ED(D(FD(#FFDFDAC:$ 


(E'IDE"9"B6"D$B	EBAB"	$$9B*BDED
BEB6DBE#$BBBE	B6	D	E"9	B

CFBEEEAFCFDCCDCD
FDFeFED(DFCFDF31)MB?F4
FCDE F ED D(  DD C5FD D   D D
FD3 @5FEDDD(EDDFEFDFFDF
 E CFFE  ) ? F  3  E  :	$D D( 
  EFF  $)-@5  D F E FF  1-  DE4 
ED$-B:FFDFDDFDFF
BAC:$ADD:DD
 FDFFDFFD1	FFD5EDDEEF3
FDFF(EF FDFF#DEE
 BQ O3 )-WDD        DF F D FF FFD  F
FDE EFDFEDD4F FDFFE(FE>F
EF B2 EfD H FDF D  D AC:$A#D   D
E DDDFF DFF#FAC:$ADECFDEC
FFFFDD#BAC:$ADFDD


	AAA	B	CDEDEF		E			DE	D		F			DDE		

A


(7	C	AB$	DDBEDED	"E"BBBEB	BBC	
H;#4(4AEBDDA	BEBDED			BBBBDDA	BEB
DE	AB		BB
 
FE#D DEDD(D(FDe
>EFDFFE(FDDD#FE

EEEAD	
6 ## =F DFC F  FCDF =F D ED  C DD
E D( D4 3 e(F   FDFEF2 :F BD2
//-W@52 D &)2 R*SD F ED  FDF F D(  e2 DE4 D( % 
FDeECDDB!2	@5DEDEFDFDFF
FDF 3   D  # B,AS)--@52 1 ?D D D D(F DD2  
DEEDD(D(FD
!E4 D( F  D2  F #(DF F D < D(
EDF#DED 3EFE#F D# 3 F
CDF   C  EFF F (F D F  e F ED
>F E + D AC:1- F F D CDEC FE  D  

FDFFHEFFD#D(FDCD#
F(#FFECE


4;0	EBBDEFDE	AB	$$F	EBEF$DEFDB

!DFDFF2D#DEDE>FF4
E6FDFFFDC#DFe*DFD
EFFFFF%!D2D(FDFED(DFF
DEDFDFFFD#DFDFC3DEDFDFFF
EDDFDEE?DFe
BFDF(DFEDDF?D
1*+DFDFFFDEDCDECDDD
?F4FCDEFEDDEDFFD2D%#FDEFF
F DFFDDFE?F4FCDEFDDED#
#DD? D5EF4F*D CDEFV2EF
EF  FCDE #D   D(F 3 FF FE   EFFD
(D  FDFF D( #DE E  DF F  DEF D 
EFF
 
	AAA	B	CDEDEF		E			DE	D		F			DDE		

$

	 ABCDE	

 < D(F  D F F DF DF D   FDFF
CFFE B)-N  F D #F  FDFFD DFDEC ED  
DF++FFCE#DFFFDD
ECDEDFDFFBB<,E(1%DDDF2$2)%DDDFD
DEEDF5DCFD':F(F(FD4D#EF
DDFDO3FFBFFD#DFFEF3#FD
EFDFFFFEF#DFDDEFDF*
E2 3  FD D(D  D 2 D DFF F E ED D# 
 DF2  D DF   D (F  DF EFDF  D
 !2    DF   FDF  FE  ( EF >F  E
  F + DFE DF 
DFDFDF2D(DDFFFDFF#3EFEEDF
DF   BD52 fD  E FE DFF #F FF 
FD DD# D (F  D F O3 D   FDFF F F
FOFDF3#FDCDEC
 6 F D EFDF   (  DFDEC +CD .D( EDF
CFFE D F E# ED .D F C	  O $-$ D   F 
%E * FDF D F F #( D(  DDF O3 
DF   BDD - N2 DECF 1ND F  DF ) BD ED DEEF 3 D 
F B E  E ED CDEC F DFDF D5 EDF
EFDEDDFD(D#DFFD3D2F
F?F4FCDE3	)-W@5FFDFDE3:	R1/D2F
 F4 CDF (D BD   D ED E>C #F  FDF FDF F
F F  DF EFDF F  #  ?D% D FDF
EF D E2 FF F D F D (D   
DF D D  H FD FF  >  (D (   
DFDDB(WDDBFF(DWDF#F;3
DFE(>FEDFDDFFEFE
FDFFFD(DEFDFD>F
DEEFFE#D?DF DE#FF FF DF
;3DDFFDFFE(
!   FDFF CFFE2 E F FD 3  O  
DFD EDF(D(DF DEEDF 5  DCDEC
<FF2DF.DFC	DF#DFD(DE

FDFCDFDFF FED FDFF2EDFFD(D
+DE:*'FC	8 9DFFC3EDFD
DFF
< D( DFF D DD#F    D E  D #DD E
FDFDFDFFDDF%FDDD!E4FF
 ## 3 e (F  FDF :F 3 ? %2  F DEED D
F  ?F4 3 DDF ?D * E2 D (DD#F F:(  D
 DDFCD2 DEFF DFDeD DF3
F(  # >F D FFD  4D 3 F EF D 
CDEFVDDF(DEFD(F3FFFEDED#
D  DD 3  FD D# ED 3  ?F4 D 
ED

 
	AAA	B	CDEDEF		E			DE	D		F			DDE		

$1

	AB

89 '*+(2BF2'a2*D2<C2FB0.2i,
FCF? F F D#DF2j "ED,D?2 ( 	2 M A2 E $&-:
$&-2$--	
8$9 B*DD2 i,F   DF DF FEDF#J FC# EF
D   DF D#( FC # EF  CC FF?  FD2j
\D'D+D"2(-12M- 2E	/1:		)2$--
819 !G H7+(D2 * 0CE2  BC2 *. 2 "! +FJDF2 F B .F2 iBF:
"F(  DF ,D C A 6FD  FC 0DFF 
6F A#2j FDFD \D  0C?!F @DFC BD2 ( $)2
$--A2E&:$)
8&9 <'C2,(2C,F@DD2F\B'D#2i!FEEFDF
JFCDFDFCDE??F2j6FDk'?2(A2MA2E	 A:
 -2AA1
8)9 !CF2\BCDE2,'(2H,(42*?F2F\*#D2i0DFD@C
FF? A 6FD  FC 0DFF  D5 FDF BD ADF
FCHF2j"ED6?2(&-2M$2E$&:$A2$--
8/9 0IFB]2i@?ECDFCDF0<*###:!F
@CFF?A6FD+F(F?2+EF?DF(VD2j6FD
k'?2(1&2M 2E1&1:1&	2!$-- 
8	9 ,+C2C'C%2"DOW2BD2*BDFC2'FD2F \BCDE2
iF FC DF  FCD  JFC CDF: C:FD D !
D#F?F?2j6FDk'?2(12A($--)2E$):$)A
8 9 A GD2 , \ +FD2 , " 2 , ,CFF2 \ HEC2 F \ * @D52 i0C D#F? 
DFDEC (D5DF  @A6: FCD   F F2j 6FD 
k#?2($)2M&2E/&l/&	2AAA
8A9 ,+CFC	2iVDDF@A6DFDEC?FCCDEFDF
(( ED? F2j6FD k #?2 ( $A2 M 	2 E --	l-)2
$--1
8-9 !D(F2! 52 + +#2 F@ "F2 i<JD:FFD D EF
DFFD2jC? D'?2(&)2E&$1:&1)2\
$---
89 0.2\A2\ACD2+\,2F,"CD2i!FFCD
FD#DFJFC,DFDEC?2jDF,D 2(&)2M2E
 -: 	2$--
8$9 A  55FC	2 i,DDF: FC FF FD FCDE?2j
6FDk'?2($A2M2E)A1:/-)2<($--1
819 BDWF""GD2i@DFDFDB@A6DD
? FDF FC  DF D F  FCD D#DF  F2j
C?D'?2()12M/2E		1:	A12$-- 

8&9 '\ADC?2G,<CFD2*+FF52C"0DC?i!FDDFED
FCD?: D CD?:   F F ED? % (( F2i
6FD'$--&D`1-B1D1$: 
8)9 ' DDF F C	2 i,: FDDD #D @A6  D DD 2j C? 
D'?2())2M$2E1/):1  2$--
8/9 AWD0DFFJD(DDE FC?0D?2/1B$D2$ :
112A#$--
8	9 \'20DF2FAW2i+ECDDDJFCFF
DFF?DEE2j"""0DDF6FDAFDA?BF2
()2$--&2E1A/l&-A
8 9 \ '2 F2 0DF2 F AW2 iF FCD?: JFC
ECDD2j6FDD2($/2$--&2E	
8A9 " +DE: '2 \ C2  F2  AW2 F  0DF2 i0EDF
E  FC CD   F F D #? FD2j C? 
D'?2())2$--2E	-:	 
8$-9 "+DE:'2F2F0DF2K0CW#FJFDFF?D
FCD((L2C?D'?2()/2$&2E		)):
		/)2$-
8$9 + ! +DEDF F . B *J?2 i0CD  FDF  D FCDE?2j
FDFD\D,DDFH?m'?mC?2(-2M/2E	 	: --2!(
A &
8$$9 \! \ A ! D  +DF 6FD +?F2 DE EF DF FC
-FC <:'DF B  'D D #C  D k 'D
"kBEF2EE1):1)12V1&2+EEF2DF2AA/
8$19 \! \ D < ' +( BDDF  E   D#FD? CDE2
DE52 D %F FD FD2 """ 0D 6FD2 A2 A
BF21A2EE$/$:$/	2AA$
8$&9 D2\,DCD2!'*DF20.D?2,HB(D2F,!,?2i,D:0
F  @C:FF? A 6FD  ADF 6 !F:HEF
+2j6FDk'?2(1	2M$2E$1A:$)$2A($-
8$)9 ^ ]2 ! W?2  I "2 0  @D2 ' B 0D2 \ ' AJW2 F B ! BD2
KBFFDFL2"""0DDF6FD2AFD
A?BF2()2n/2E	$/:	1/2O$--&
8$/9 \"D2B!BD2C*!#D2F\'AJW2KD(FDFDFD
FCDE?FFC5DFL26FD k'?2(1$2
n2E):$A2OD($--/
8$	9 . . ,#F2 0  @D2 G (2 \ + . \2 \ ' AJW2 F B ! BD2 K
BD(FDFD 6FD ! <(D( 0C?  BF 0 !#DF
B@FFE?DFC,D##FG?L20C\D6?2(	)2n$2E	1&:	1 2(
$--/
8$ 9 GGD20@D2\"D2\+.\2\'AJW2B!BD2F..,#F2
K,@FFE?*FCDDF+EDFCBDF<FCD
.FC @C FF?2  A 6FD  FC  VF G?L2 0C \D 
6?2(	 2n$2E/	$:/	/2D=F$--	
	AAA	B	CDEDEF		E			DE	D		F			DDE		

$)

8$A9 !DW20@D2GGD2\'AJW2B!BD2F..,#F2K@FFE?
D? (D( 0C?  FDF 0 !#DF  D  V( BDL2
6?2(	$2n12E/ $:/ /2EF$-- 
81-9 IG2+GCCF2BCA2 \B2C"HJ2*,'D2\.D2 \"
.W2G! (2F^]2K<:(D(ED(FDFDFDFDF
D#DF D#F?F? D FDCEL26FD H#FFkC??2
(1	2n&2E&)-l&)	2$-
819 C " HJ2 ,  2 C "2 G (2 * C2 ! W?2 F ^ ]2
K0CDEFFD F (D(? DF FDDD DF  D FDF
DDL2BDFCF5DFDBD(DDF(F2(		2n&2E) -l)  2
$-
81$9 ^]2CHJ2*C2BBD2F!W?2K<(D(BDFD!FD
+EFD*F#?@FFE?DBDL2BDF2($2n/2E	&$:	&A2(
$--
8119 \CDFD2\:A!#?2F2AW2F0DF2KB#ED(FFD
FDDF DF( D  D(FDF (F  #? CF E  CC:FF?
FDL2"""0DDF6FD2AFDA?BF2() 2
n12E)	:)1$2D$-
81&9 \CDFD2\:A!#?2*BCD(F2!:'C2AW2F0DF2K((###
DFE#D#F?  CE#D FL2C? D'?2()/2n
$$2E	--:	-)2($-
81)9 0:I.D2^]20@D2\'AJW2FB!BD2K!"F0DFF+FDF?
@FFE?#?,(BD(FDF?L26FDk'?2(1 2n
)2E	)1:	//2D$-$
81/9 0:?.D2^]2A.FFC20@D2\'AJW2"*,FCD2..,#F2F
B+BD2KaDFFDF(FD#DWDFFED(FDFDFDFCDE?:
CFFE?L2"""0DDF6FD2AFDA?BF2()/2
n)2EAA):--)2D$--A
81	9 " +DE: '2 \: C2  F2  AW2 F  0DF2 K0EDF
EFCCDFFD#?FDL2C?'2
())2n/2E	-:	 2D$--
81 9 \ '2 F2 0DF2 F AW2 KF FCD?: JFC
ECDDL26FDD2($/2n$2E	2$--&
81A9 '!D2F2F0DF2KFFCDFCDE?#DCD
CDCDJD(FCF?L2"""0D6FDAFABF2() 2
n$2E1/A:1	 2($-
8&-9 '!D2F2F0DF2KFFCDFCDE?#DCD
CD+CDJD(DFCDL2"""0D6FD2AF2A
BF2() 2n 2E/-1:/2D=F$-
8&9 0:I.D20@D2^]2\'DAJW2FB!BD2KDA#DW@FFE?
0DFF66FD+CD.D("DFDEC?L2 """ FDDFFD2
F2D?F2()A2n/2E/	: 

8&$9 " +DE: '2  F2 F  0DF2 K0C W #FJ F DFF? D
FCD((L2C? D'?2()/2n$&2E		)):		/)2
$-
8&19 !*?D2..,#F2B!BD2F0@D2KHEF5DFCFFE?W?
FL2$--"""6FD+?EB6+D2$--2E1&$:1&)
8&&9 !  *?D2 ! * D%J2 . . ,#F2 ^ ]2 0  @D2 F B ! BD2 K (F
F   D D  CFFE?L2 """ 0DDF  6FD2
AFDA?BF2() 2n)2EA	:A -2D$-
8&)9  F2  0DF2 F  AW2 K1:* D:F F F  CC:FF?
FDFCDE?L26FDk'?2(1-2nA2E$1A:$&A2
EF$--&
8&/9 A DF2  F2 \:A !#?2  0DF2 C FD2 F  AW2 K:(( :
(D(FFDWDF @C FF?A6FD FCDE?L2 
$ FC !D FDFD B  FC """ "   D '?
+F?2$--/"'+-/2$--/2E/  :/A
8&	9 "D2BI?2BCDEF2\C2++(D2DC2!BDEF2
*2!!@D2C\VDCDW2F,!(2KBCDBFF*<F!(?
!FFVFBFDFAFL2BDF2(&2nEE2E:)$&::)$ 2
D($--/
8& 9 "D2'5F2'0CF2\C2C\VDCDW2*2DC2!
@D42F,!(2K"D?BCDBFFF,(BCFFC
FD,FDFL2BDF2(- 2n-EE2E:::)2EF$--1
8&A9 "D2\C2*@DCDC2BBD2B:BCJ2++(D2!
IDDFCD2 F , ! (2 KBCD BFF !<J 0CDEF !EEDC  C
FD,FDFL2BDF2(-&2n/2EA) :A/12F$--


	AB	C	DEF	E	E	E	E		E	E		E	E	




	ABC 	
DEF	E	E	E	E		
E	E		E	EC	
 
E	
	ABCDEF BC A	C B 	CB	 AAC  BA C C
AB	CAB	A	BCFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
F AACBAC	CB	FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF 
	F !"A	CCA	"CFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF 
		F !	CB		BCACFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
			F !	CB	B#CCEFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF$
%F !	BA	C&	"CFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF'
F DCB	AACBACCAB	CAB	A	BCFFFFFFFFFFFFFFFFFFFFFFFFFF(
	F )ABA	AA	"C*+	CBBC,B-FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF(
		F )		A	ABACFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF..
			F )		A	CCBBCBC"A		A	FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF..
	F DACBBAA	&	"CCAB	ACFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF..
)F DCB	/CA	"CFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF.0
	F 12ACC3	A			A	CC	CB	*/CA	"C-FFFFFFFFFFF.0
		F 12ACC4CBAC	BA	FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF$
			F 	A	BCB5BA	FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF'
F DCB	A	CCCC3B	CACFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF'$
	F 6/CC3B	CA			FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF'$
		F !CB2/CBCABFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF''
7F 	FFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF'(
%	2	B	CFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF 







 
	AB	C	DEF	E	E	E	E		E	E		E	E	


0

!AB	C B C C 		CCA CA C AC	"C CBA C C
	"CC		CCA4	CCABF!CCC		CCA"	/CAC
BC CB C *$ 4  - A CBC 4 	AC C  BA	 C
AB * 8 4 - CA C  B"CCF )  BA C 	A	 C
AB	C8BBAABC$CABCCC3CBC*AB4(69:
CACC		CCAC;CCABCCAB4  9:-F</BC
C CC		CCAC	 C 	A	F)C8B=C4 B	CABB	C8
CACBCBCA	5ACBC4)*4)ABBC-CACACF
CAAC AC	"CCA 	CCA	CB	CA	5C>? @C CAB"	
AABACC	ABCA	CACBA	CCCC		CCA"	
AC	2CBA	*BCCBC-	ABACAB/ 	ABCAF
!CACCACA	"CA5A	"CF
BC	ABCBCA8BA	"	CB	BACC>?F
CAACAC	CB	CAABCC	CCBCCCCAA		A
CA	2		"CCAACFCC3B	CC8ACAACAC"	&
ABB  B	 CABC BA	 CA ABAC  AAC C AC C 	ABCF !
BCC  2B	A C3B	CA C	AC C CCA 		CB  AC AC5B"CC
A	CA;ACBCCCFCA&C	CB	CCAC	2C2B	ACCBC4
	A	AC C CBCF ) C 	ABC DDD C C3	/C BA	C8   ACA C
	CB	C	A	B	A	"C*&58BCCCBC2CC-F)C548C
	CB	 CCCAC3AB	BC2C	BA		"CCCA 	A	CB
	BA	 C  F +BAA8 C  	BA B B CAAC 		
&AB	CCA	CAAAC	BA	CBA		F
DBC	ABCA		CBCBCA	C"	C3	ACBAAC
A	5ACBC C CC 	CB	 2C"	CBCAABC B	B C
CBA	B2/CBCABCAB	CAB	A	BCFBAC4&	"C8CAAC
BC2		CCCBC4	CCCCACACAB	BCCA3
CBC"	A	ACC	BC2CF)CBC	/BCBA	C8BCB
C	BCAB2/C 	CBCC3	AACAB	C AB	A	BC4C BBF	AC8
C3CB C 	/BC 	"C C CA 	CB	 C C 		"C C
&	"CBAC	CB	AACCBAC	AB	ACBF#BA>?F
	8C3CBCAACACA	C	"C4AB	CACBCACB
CBAA2ACC	A	/CA	"CFDB	CB	CC
ACABACB	CBC	A	"	CBCAABA	"CBCAAC	CB	8"	A	C
B C 	3 B	A C 	A	F DABCB ACA  C	2		A 4  CBAC
	BA	*2B	A8&5C-CAB2ACC4	BCAC	AA	FDCBB"CC
AC	A	BB	CB	CB	CCC3B	CACCABCCBC
CBCA	C"A3AB34C	BF
	A BC  DBD DCED A FCCB AF CAEBD A B FA  FAAB  FABA
FABCAEDBAEBAEFCAE*	A	AA-



DC 				EC	
 	ABCDEFCABDEFCF	EC
!BCA	CACC	"C	"C	CB	A>.?@
 j
iji
x
T
t
u
∂
∂
=
∂
∂
2
2
ρ  BCDEFF
Eu

CACCACBCCAFAC		C		BCCABCCAA	"C8CA
BC	CBCACCBCAB	AC#CCACCBCBA	FB=C4	C9GC@
 k
l
ijklklijklij
x
u
cScT
∂
∂
==  BCDEFF
<2A	CAB"A	CCAB	CA	"C		BC@











	
A
B
B
C
D
∂
∂
+
∂
∂
∂
∂
+








∂
∂
∂
∂
=
∂
∂
i
j
j
i
jj
j
i
i
x
u
x
u
xx
u
xt
u µλρ 2
2
FF BCDEFF

( )










	
A
B
B
C
D
∂
∂
∂
∂
+








∂
∂
+
∂
∂
=
∂
∂
j
i
jj
j
i
i
x
u
xx
u
xt
u µµλρ 2
2

BCDEF

<E λ CA µ ACB/ABCC!8BCCA	CCACCCBC	CA
C		CCAF)C		C3A	CAB	C8 λ CAC BBC,+CA µ
CA C BBC  G+ *λ HH µ -F ! 	ACC C C C BC	 AA 2C 
BC "C  	ACC C 		CCA8  CA CB C BA	 C C3 C
	"CC C C CA   C AC CC ACBCCF !C CCA  4
CC		CCACAA	C@











	
A
B
B
C
D
∂
∂
∂
∂
=
∂
∂
j
i
j
i
x
u
xt
u µρ 2
2

BCDEF
2	C@
	AB	C	DEF	E	E	E	E		E	E		E	E	





( ){ }u
t
u 

...2
2
∇∇=
∂
∂ µρ  BCDEFF
CAAC"A	BBC4"A	/CA	"CF
F	CC µ AABBC38ICA545	BC"CC		CCA/C
/CBBA	C8CABA	B µ CB	CA	C@

u
t
u 

∆=
∂
∂
.2
2
µρ  BCDEF
) CAAC B3	A	8 C AB	 	BCA	 C CCA A CF 
AB	CFCBJC8CCCABBBCCB	A	CABB	A	BCCA
3	F)C8 CCCACBB 	ACBBAB	C CGCABBC A C
CCA3	3CC3CCBA	CABF<CACB"C
CC AC3	C: CACCA CC		CCACAAABCB	ACB
	BC*38&8:8A-"	B		C@

s
t
s ∆=
∂
∂
.2
2
µρ

BCDEFF
CAAC "A	 B	A  BA	 C C C 		CCA  B3	A	
A	"CF
!C 	CB	 C CCA CB "C K CA CCA AA 	"C C
CA	A	C"C	AA	AC4BA	BC	A		AF

DBABACAABEABCEDEBBACDBA
L/CCBA	4 	CBCBA		CAA		CB CAC
AA C3 * 7D,FDE5-F D 	A   A		A 	3 4  *	C	- C C
		C	/ABC8$M*KN8-		"C		C	/ABCM*KN 8(-FC/C
A		B	BACC3	CA	C	BCACCACB			ABCCA	CCA
	2CCABAC"CCF
	ABCDEBEFAFAADEFCE



 BEFABCDE	EC
E EF
!	CB	 	BCAC C "C B3	A	  /C A	"C 	BC CA
B		CFDCACCA"CCB	A	A	CCBBCA	C2C
	BCA	CA	BCCACBCBCBCB	C
)>$?F

2
2
2
2
2
2
z
s
x
s
y
s
∂
∂
+
∂
∂≤
∂
∂
  !"#$%
<@


	
A
BB
C
D
∂
∂
+
∂
∂
=
∂
∂
2
2
2
2
2
2
.
z
s
x
s
t
s µρ

 !"#&'%


2
2
2
2
2
2
),,(),,(
),,(
),(,
z
tzxs
x
tzxs
t
tzxs
zxt
∂
∂
+
∂
∂
∂
∂
=∀ ρµ   !"#&&%
!C!	CAAABC8CA	A	CACBA	"CB	CC	CC
7B	CBB2CCB"CC	@
	AB	C	DEF	E	E	E	E		E	E		E	E	





E






∂
∂
+
∂
∂






∂
∂
∆
= ω
ω
ρµ d
z
tzxs
x
tzxsF
t
tzxsF
zx
2
2
2
2
2
2
),,(),,(
),,(
),(

 !"#&(%


- 2-

 EA F D ABE BEE   !E A"E DE #  $D BE
D%EABEE
FB  	BC7D,FDE5-8CBAC AB	"CCCC		CCACA BCBCACF
CC8 BBCA 4 C 	ACC C BA	 C ρ
µ
c s = 8 CA A		  C
	A	 B 	BCC 		C 4 C3 	C	 C "A	 C C A	"CF !
C	A CA 	BC AAC CA C 4
3/1000 mkg=ρ F #AC C BCB A
	C	C* 1=µ 8 1=f 8 1=λ -F
!C BAA C 	CB	 	BCAC CA AB 7D,FDE52-F < 	A "C  BCAB	A
B	ACCABACCCC		CCAC	/BC"A	AA	CCABACC
8%F


E  !"F#F #EF
+B BCBCACB C BAA "C  CA 2AC	B   BC C3B	CA8 
2B	A	C	ACB	2CCABA		ACB	CB 	CB	F!C
	CA 	AB ACBCCCA *%AACBOBABBC$-CAA	CCA *	ABC	C)C
BCB 4	5ACB  	3C- B 	BCB C CA	A	 C B	C BBC F 	 C
BAA2ACCA	ABC	ABC	4C3	C	*A	C&.3.-F
)/  P 	AC C 2B	A 2 	C8 C BAA B	CA  	A C 
CBAC 	BA	 C  2B	A CA C ABAC AC 4 (8%F  $ PCA 4 ( P8 	CB	
C C AB/ BC B	C A	C  C CA	A	F D BB BCB C
ABC B	ACCC BAAB CAACAC"	 AA		CB CBC	/BC
	CB	CAB	CFCBJCF
- 2-
- -
&EABEEEFEEBE#EBEB''EEFDBE ()*# &()*
 +()*B ,()

	AB	C	DEF	E



)C 	A8  C	2		A 
	CB	 	BCAC  A 2
BAA/CC#)C	C

 BEFABC
!CB		CCCAAC	CB
		A C CACB 4 & B
AB	CAB	A	BCB
&	"C>?8ACA

CAACB3	A	
A		AF!B	ACCAC
7D,FDE5.--F)CBAA4
		BCA	CC 4 C C C
ABACCA2* 8%-	
	BAAC C '8 PF +B 	
	CB	CCCBBC
- EAFDE
# EAFDEEFBEAD

	E	E	E		E	E		E
 2B	A   CB	 C B	BC CB
C  B	  B	AC C Q#C
3>?F
CEFCDECAC
	B4A2B	ABA	
BCBF !	CB	 B AC C   
6!	>'?CA	CB"A		G
BCAB	CCCBC>(?
1. =∇ ρ
µT 
C"CC		CCA"	5/C
CCAB	"3C	
	BA	CCABCA@B
CA C CA	C "C B"CA C 	
"A		A	CACBBCC$8(PCA
	CB C BAA C 	BA	8 	 CA 
	CCABBC	C*7D,FDE5.2--F
EFBEADE'DEBEAED.E/
E'DEBEAED.E/ABEFAE
	E	
$
 C    CA
 C R A	
CCAACA/CFD
A 	AB	AC B
C2	CCC
@
 !"#&)%
4	2CABAC
C	5C*
A	CA
	F  ABC8 C
BACCB	C
	2C CCACB

EABEFAEE
EEEE
!	CB	 C  CCBCAC B	BC 	ACC BAA	 C BA	A
C"A		A		BC@CABACCAC	B*8$%-CA"A		A	
BCACCBBC4$8$PS.8PFCCA8CAA	CAA		CF
!	CB	CBACCCAAC3		C3A A		ACB	C
2BACCA	"A		A	C	C	CC	CA2		CCCAACACF
AB	BCCA 3 BC C8 C BC 2C C ABC BC
A	C C3	AC AA C  A	5ACBC C C C AA C BA	
B	A	CC	CA	CTAF)BA	C	AC8C3	"CBCB		CC
	CB	 AAC C BA C A	C C &	"C B 	CB	 C C
		"CFCAACAC	"CC3	ACC	CC( F

C 	E		E C	
! 		C CA AC C ABC2CCA C ACBBC CA C  BA	 C
A	"C4ABCB #CBBCF!CBCA		ACCAAABC	CB/AB	ACCAC
	BCF  ABAC8  		"C 	"C 	C AC  ACBB	8 CA CBC
CA  BCCBC C A	/BC BC	/BC *ABC8 CC-F  		"C 	"C8 C
CAACB A  4  BC  2C * C - B BCB C C 2C
B"CCCAB/BAC	ACF)CC3	C4	BACAA		F)C
BCCACB*&BCC-CCACBC	ABCBBC	ACC
CCACAB	CCCA	"CCACACACCCCC	CB	
CB/ABC&	"CACBB	F
!	BA	CACBCB4		A	CBC		"CCA	CB	C
C CBC	ABC B C ACBB	 B BAB	CB C BB	A A	"CF +	CB
AC	"CC	BA	C3	ACAF!CAC	"CC	CA		CA B3	A	C
B&F ! 	BA	 ACBCC 	AC 4 CBCB C BA C BAB	
B2CCACBC	ABCA"CCACCBA	CB5BCABA3F
CACCBA	C	CCB	CF/CC	ACCCABC"	
CA CAAC B3	A	 CA  2C "C 	 C 		C CA 	2CCA AB/CF !
	BA	CBCBC"CC/CC	ACCCAF!	BA	CU	B
>0? A		C C BA	 C B& A	"C 4 	C  AB/C C  	BA	F !C
/CCBBA	AB	CACFCAC	"CC	BA	CCACBCAABC
C&CC	ACC		CBB	AC	ABA	3		ACCB	A	CBA
CFCCA8CCCCBCAACACBCB	BCCCCACBC3	A	CCA
C	BA	F+BAC	BACCCCCA8	CAC	BCC	CBBA	C
C B 	BCC 		CF LC AC	"C CC 1CCBC #	C6	BA	 > ? 	AC 4
	AB	C	DEF	E	E	E	E		E	E		E	E	




BCB C 	3  C B	C B	"C 4  	  C C 	BCA CA  C C
	CBC  AC C "	 CBCA 	BCB  "	A C 	CF 	8 BC  
C3C CA CC "	 2	A	C 	CBCB AACCA C BA C8 ICA545	BC
BAB	CBC	ACC8AAA	8C	A		"CABCBB	A		CF
!ACCB	ACACC2CBA#BA*D+,+-BA	C	BA
	CB	CC		"CB3	A	A	"C>?FL/CB	"CC
BA	CABFC/CCABA	BCC	B	BC		C
C"CA	 *		C ABA		8 	ACC CCBA	C :CC-F !CB2/C	BCACA
B	 C BCA C 	3 C& C3B	CACCA C	 C BCACB 	BAC
3AC	A	"CC3B	CCF!	BCCC3B	CACA
	CACCQB	RFBCBA	CC	BCA8CB	A
 B"4BB	CB4A/CB	"CBBBA		CC3B	CAFL
B2/CB	ACA		C	A	CBAB5BA	CB	*C	C
BCACB 	BAC-  C/C B	"CF C 	AC 4 BC&CB CBBCB C BB	/BCF
		8 CC BC	CB 3 	A	 E C /C CA 3F 6AA	"CCA8  CA
ABCB"C BBA	B	A*BC	CC	BCAACBC-CA C
	BCA 	 C C 	C 4 BB  		C "	 	BC C /CF LC 	 C /C
A	8CABACBCBCAB	ACCBCCBC		CC3B	CAB/
"C"C 	ABA	F CAAC AC CBCA 	ACB C BC B22		AC "	 A
			C 4CAABC CVBC >?F C  A A		C  	BCAC 	A	 A C 
AB	C>?4&	"C>?CAB		C>.?F
F		/BCC 	CB	A	BAB	"C8CA B	CB 	CB	 AAC
BACF&	"C8CB2/CCACBA	"CBC			CBC3	AC
		C3 CBA	 *	AB	C8 CB	CC8C- 	BC  B 	 &  
ABB		ACA	F)C8CACCBBCBCBC"A	A
CCBCG	/ABCCAAB/CACCB2/CCTAF
 AB	C FCBJC8  	C C 	CB AC B 	B A		CB
AACACA	CCCAACAC	"CF)CBA8C"A	ACCAAB/	B	CBC4
CCCC3B	CCC		CF)ABCBA8	ACA	CB	CA	5C8
AC	"CCA2CCCBCB C 	CBA	C C CCCA C
ACF C A	ACB	A  AA 	CC 	"	 &  	 	C CA 
	BA	BBBA4&	"CF
 
C AE	E		E	E		E	EC	
 ABF		ABC		ECEECABC
E $	A%!F	#D#EF
+W5CCAB	CAB	A	BCB3	A	A	"C@
 		C CCC 		CCA *µ 8  C"C C CA BC 4 BA	B C
	A			A	CC@

( ) ( )

====
=∆−∂
ϕφ
µ
0  ;0
0***2
tutu
uu
t
t

 !"#&*%
1B	 C &A/C C  W 	AC B  C 		A  	A	
AA	"C@

( ) ( )



====
=∆−∂
ϕφ
µ
0  ;0
0**
*
1 2
tutu
uu
t
t

*- !"#&+%
!C B2/C 	CBC AB	C 	AC C CA	A	 C *µ 8 	A C
C CCA,F +B 	CX		AB AB BB8 C 	A	
		A	C ϕφ et  AC2BCXCABCBACB2	AB	BC µ 8		2CB	BC
CB2/CCC	A			AC@

( ) ( )








Ω====
Ω∂=
=∆−∂
  dans    00 0
sur  *
01 2
tutu
uu
uu
t
tµ
 *- !"#&-%
DA"C A	C*-CACB C AB	A	BC,CA 	4 
BA	/BC	CF)		 *uu −=ε CAC&A/C*-CA*-A"	CA4@

( ) ( )









Ω====
Ω∂=
∂
	
A
BB
C
D
−=∆−∂
  dans    00 0
sur        0
*
*
111 22
tt
u
t
tt
εε
ε
µµ
εε
µ

*- !"#&.%
	AB	C	DEF	E	E	E	E		E	E		E	E	


0

! A	ε 4 C B2/C C C  BAC A		A µ F D  ( )µε  
A	B2/C*-CA ( )µu A	B2/C*-F
LC BCB"C 	BAAC CBC  BA	 B	A	CC C *-F CAAC
BA	8CC	2C8C3B	C"CC&	"CC ( )µε A	CB		CC
	BC CB	C CA 	 CA 	2C C3B	CB C AC B2/C   BC  AB	
	BACF
CCA8*-		"CBA		AC@

( ) ( )( )
( ) ( )( )




=∂
	
A
BB
C
D
−−∇∇+
	
A
BB
C
D ∂Ω∈∀
Ω∈
E E  0*
*
11
.
1
  ,,0,
,0,
2
0
21
0
2
1
0
2
vu

v v

THCv
THC
t

T
t ε
ε

 !"#&/%

 	A8  AA	 ( ) ( )( )THC ,0,102 Ω  	A AABC 	ACBBAC C CC2C C
A	 "	 CA 3 BA	/BC Ω∂  	CF CAAC BA	 B	A	CC CB
AB/A	CBCBCB	A	CA	CTAF

3	" 	ACA ABC B2/C 	CBC 	"  C BC C
AB	CF

	ABCD
!BCBC	AC 4CBCBABCCA	A	 µ C BACA		A
		CBC *µ F!C	CBCCA	A	C *µ AAABCCB	"CCACBCC
"	BACC	C3		CBCAAC/CCBA			 ( )µu F
		8CA	ACBCA		CC	@

( )E EΩ −=
T
µ µuuArgµ
0
2
*maxˆ

 !"#&$%
E#CABCAACCBA	F
CAACBCCAC:ABCCCAAB/	"CCA	A	CB/ABCF!
"CA	 CA	ACA C ABCB C W C CB C	CCA CA CA	ACB CA C
	B	CAC2C"	AF
!C3	ACCACCA	ACBCB	AC"CA		A	C	CAA"C&		C8
	BCBCCBCC"CA	CCAF)		CA	CCYC@

( ) ( ) E EE E ΩΩ =−=
TT
µuuµJ
0
2
0
2
2
1
*
2
1
ε

 !"#('%
D	ACBB	"CCAB	CC7BCCACYBBBA4 µ F!
	C C CAAC B	C  CBCAAB 	CACB C AC C B	CA
	"CBCB µˆ 	ABA	CCACA		ACB	A@






∂
∂
+=
==
+ µ
Jµµ
nµµ
nn
n
δ1
0 0pour   

 !"#(&%
E 0µ CA C 	A	 C BA8 B	C C B /C CA δ CA C 
A	A	 C B	ACF %	C TB8  		A 		 CA C CB C ACBC
µ
J
∂
∂
8 B 
A	CCCC µ 4ABCB ( )µu F
+B BA5	B	ACB CAAC 		A8  A		 C AC	"C C BC3A	 C
		ACCCA	CC"	CC µ CA	CC3A	ε CA v 		C
B ( )T,0×Ω CA"	CABBA	/BC Ω∂ F
( ) EE E ∂
	
A
BB
C
D
−−∇∇+
	
A
BB
C
D ∂+=
Ω
T
tt
T
vuvvvG
0
22
0
2
*
*
11
.
1
2
1
,,
µµ
εε
µ
εεµ

 !"#((%
 !CCACBC"	ABACA AB	ACB ε AABCA	C"A	
3 B	C BA	CC *)+- *-F  CCA8 	 ε CA C A	 C )+8 B ( )µεε = CA C
CACBCCA *	BBCB"CBBA	B	A	CC	5C-F		@

( ) ( )( ) ( ) ( )( )vGJTHCv ,,   ,,0,102 µεµµ =Ω∈∀   !"#()%
 )	BCA		ABCACBBBA40Z		CAB@

( ) ( ) ( ) ][,,,, , εεµεµµ µεµµ ∂∂+∂=∂∀ vGvGJv   !"#(*%
!CBC	CBACBCCAA[A	C4CB8C	BCA	A		"CC@

EE ∂−=F




 ∂−∂−=∂
T
t
T
tt uvuvvG
0
2
2
0
2
2
2
2 .
1
*.
1
.
1
µµ
ε
µµ

 !"#(+%
	AB	C	DEF	E	E	E	E		E	E		E	E	


.

+B	AA8CAACB	FCAACA	CBACB	CB	A		A
B	C ( )vG ,,εµε∂ CFCAAC	A	B	A@

( ) ( )( ) E EE E ΩΩ =∇∇+∂+Ω∈∀
T
t
T
vhvhhTHCh
0
2
0
1
0
2 0..1.     ,,0,
µ
ε

 !"#(-%
 B/C3	ABA	BBA	CBB	2CAC@

( ) ( )( )
E E EE E Ω ΩΩ =∂−∂∂+∇∇+∂+
Ω∈∀
T
tttt
T
ThTvThTvvhvhh
THCh
0
2
0
1
0
2
0)()()().(..1.
     ,,0,
µ
ε

 !"#(.%
 	BA C BA	 B	A	CC8 	 CA 	A B  A	
)(: tTvtw −→ CA		BC@

( ) ( )








====
Ω∂=
−=∆−∂
000
sur         0
*
1 2
twtw
w
uuww
t
tµ
@
 !"#(/%
 C B2/C CA CFA#DCE B0A8 CA1 	C AA B	A  B	A 
B2/CF
 D  		 ( ) ( )yxtTwyxtv ,,,, −=  CA C  	A	 ( ) 0,, =∂ vG εµε  CA
B		C8@
 ( )vuJ T tE ∂−=∂
0
2
2 .
1
µµ

 !"#($%
 CAAC B	C C  A	 C TA CB BBA	CC 4 A	A	 C ABC
/C4"C	ABA	F)CBAA			BCA2ACCCBCC
>?>$?FDA	CBB	AC	F

 F
E $	A%!F"!D#EF
) C  E  C 	A  B3	A	 A	"C8 "A	 C C
A	"CCBACC		CCACA@

( ) ( )



====
=∇−∇∂
ϕφ
µ
0  ;0
0.*2
tt
t
tuu
u**u

 !"#)'%
 	"A CAC B	CCA"CBCCA *3A	AA	"C
B/-82A	CB@

E ∇∇−=∂
T
J
0
: vuµ

 !"#)&%
<E@BCBCACB	A	BCAB		C*2344-CA

( )tuuu ∇+∇=∇ .
2
1

 !"#)(%
!CCCCAB	AC@

( ) ( ){ }E ∂∂+∂∂+∂∂+∂∂−=∂
T
XXYYYYXXYYYYXXXX vuvuvuvuJ
0
....
4
1
µ

 !"#))%
)C ACA BCA B	 C A		A  C C 	A	 B 	BCC 		C C
"A	 A	"C CAB	CC >(?F !	CB	   A	 CA  C  
	CA		  B	F !C 	A	A	"CAA2C BC"C C 	A	
A	"C8   BB A	CB 4 AB	CB C C C A	"C B 	CB
	CAA	8 BCBC  	"C C B	AC 	ABA	 CA A	CB 	BCA
BACCAF
<CA CCCB"CCCBC B3	A	 A	"CCA 	2C 4
CCA	"CABCFLC 	A	B	BCC 		C2C B "A	
A	"C CAB	CC >(?  A B	C  C AC 		C C C 	ACC C C
BC	   	  BC "C  	ACC C 		CCAF FB  7D,FDE5$ CA BCAC
CB	C	ABCBCACCCBBCBCABCCA	"CCAA	"CFDC3	ACB
CC3BAB	CC	A	CCBBCB4 BA	CCC3		FCAACCBBCB
CAAABCC	A4CB	CCA	"C\A	"C\A	"C3	ACBCC
		8 	A 3 	BCC C C		CA C AB		 CABC C C3 /CF
!	CB	CCC3B	CACCB3	A	A	"CCB			CF
	AB	C	DEF	E	E	E	E		E	E		E	E	


.


+1EEBED%EEEEEABEDEFDEABEA"EEEEABE
DEFDEABED"EBDE2EDEBEFAFA 1EEBED%EEEEF
A"EEAFAE3DEBFD"E# 1EEBED%EEEEFA"EE
AEEAEDDEBFD"E

!B	ACC	CB	A		ACCA	"CCABCACBA	C	F
 
 
 B	ABCDCAB	F	EC
 	CB	C 	C8  CA 	BCB "C  ACA2		A C 	 B C
C	CBABACC 	C	CF<		A C BBAABACB2B	A
*D18ABAA	CBA	-C@

( ) 

	
A
B
B
B
C
D
+
−
=
2
,
2
,
.2
1
CNR
lfondµlésionµ
fondlésion µµ
σσ
 BCDEF
<E]^HACC&CCA	CC"A	A^CA Xσ CABAA&CA	C
"A	A^F

 B	ABCDECEECDECB		ABC
!"A		A	CBCAAB	AC	CCBC	CACBCC		AFD
CACCA	CAABCB	F+B"A		CBBAC"A		A	CCBAB	"C
CK8		ACBBCB&CCB	CCPC@

( )
th
thyx
µ
µµ
ε
−
=
,

BCDEF
<E C &2C ]H AC C &CC CC2C "C  BCB  C C3
	 		AC B C AB AB	"CF !BA5A&C δε C CAAC CBBCB CB 
C@

( ) 2
,
,
 
	
A
BB
C
D −
=
yx th
thyx
µ
µµδε

BCDEF

 B	E		ABC FECE	C!A	EC
!B	ACA		CAC C6A2_CACC  	A	C "A	
C A	"C B  BBC 3 	BCC 		C  C 	C ACBC *,F
+	A8DA	AAC2CBA-FCCC	A	A	"CBB/ABC	ACCC
BA	
nnc µ= CAC	A		C8	3C4FDCA	2CBACBCAAA	
ACB5	"CC>?*BA	C)F		F-F!C	BCACACAB	C	5C>'?F!C
CACBCA	CBBCBCB		C*7D,FDE5'-@
	AB	C	DEF	E	E	E	E		E	E		E	E	


.$


 4'ABBAEBEFAFA
)	BA	A	ACCACCCF!C	CB	"C			CA	BC
	A	2B2AC32BF
)		A		C`		AB2	ACF
 5DABED%E3FEE/EE
LC	A	C		CB	"C5,4	CBCBCAB	CF!CCA	5
ACBCCCC,ACBCC	BCF
& DA
L		CCBACA		/C40'FLa CA		C	B	"CCAF
- 6ADEB%A
"C	ABA	8CB2/C	BCACA	@ ( )nn uu µ= F
!CB	A@ *uun −=ε 
!CB2/CB	ACA	C	BA6CBC	A	CBAC
	ACB	C`@
!C/CCAA	@ ( )E ∂∆+=+
T
nnt
n
nnn vu
0
2
21 .
1
.
µ
µµ F
BA	"C8B	CCCB		"C			B0
(
	CACBC
BAAF
DCA	2CA	CBC@ E∆+=+
T
nnnnn vu
0
1 ..µµ 
+ !DDBED'AABEA7
+B BCB  B	C C  A	 C TA 78 "C 	ABA	 CA 	C C
A 7 08&% CAC BAC 7 0% F	&CCAA	8 CaCA
		BCAA	A	BCACCAB	C4CFF	8	CAA		
B8BBCBCBCCF

85BEFFEBED%FFAEAFDE!EEFBAEDE
A

LC	ABA	CB	ACBCC	B"ABCCCCCBCBC*
VB 	 4 8,9:- B 		C C   3   	3CF !C BAA A CA CA2C
B/ C 	:	C 	ABA	F LC 	CAA	  C C 	BCC 		C CA AABC
A		CACAB=C,+LCBACB	"CF<BB	ABC	CBCACC
	CB	 C AC BC B  BC BC	 4  ACB C   AC C
	BCACCAC	BC	5ACF
 LCCCCA	CC	C		CFF	C/CB	"CCBA
CA CA	/BCCA /C 4  CB K NF !C B	 A  B"4 BB	C  C
	AB	C	DEF	E	E	E	E		E	E		E	E	


.

		F !C B	 CBA C 4 C C 	C CA 	ACBA C C3 C
	CBCACACBCACC3		F
AA	"C8 CB2/CB	AC ABCACAC 	ACBBAA	
&	"CFD	8C"CCB2/CB	A	CAABCB	&	"CCAF
CA2CBA#BA"	ACBC	CB4CBCAAC	ACBBAA	&	"CCB	AC
C B2/C >?F !C B2/C B	A  CA A	 C "A	 C A C ACBC
BC A C B	 BCAB ACBCCCAF !C B2/C B	A 	AC  4
BC&CB CBBCBC	A	CBB	/BC C		CF!C BCABACBCCC
	CBCAC AA C C CBCAC8  BCBC C 	A	 B C C3 		F
!A	A	CA B	CB=C4  BBA	B	AB	 C C ACBC
	BCA C C  B	"C 	F CAAC BBA	 	A C  CAABC A	5
ACBCCCBBCBF!C	CCCAACBBA	CCCA	A"CC
/C B	"C 	A C C  C BCAB B BBA 4 C3B	CCF CAAC BBA	
CBCA  		CB C AC CA 2AC	B C 	BA	 A	C B  	ACC C
BA	BCCC		CCAF+B	ABCBC	8A	CB	CB	
ABC/C		*7D,FDE5-F

9 EABABCDE A  	ABCDE A"E #  AABE A7  A BE
A E EA/ D
CE
*+
CE
*(
CE
 A' EA/D%A'DE:D'AABE
A7%ADEFD 


/BC
	ABA	*7D,FDE5--8B		C"CCa		CAABBF<	A
"C	ABA	CBC2CB"CCAACAA3	CABCCC3
		F$
/C
	ABA	*7D,FDE5--8C2CB"CCCC4CACBCA
 CA B C 2C CB C 0  CABC C 		F    
/C
 	ABA	
*7D,FDE5C--8C"	CA	BCABCCC		CBCF	8
	A "C C"C"C	2C B  A	CTA4BA	BC  
/C
 	ABA	
	BCA2CCBAAF!CABAC*		CF		F-CACD1N'8.%CACBBCB
	AB	C	DEF	E	E	E	E		E	E		E	E	


.0

C"A		A	CAC8'PS8$PF+BBBA4B	ACCACC8CABACCA
	BC'8'$%CACBBCBC"A		A	CA8	CA	ACF!2		
 	A	 CA   BC C  C BC "A	AA	C 	ABCAC "	
2	CABACCA"A		A	FDCACBCCABA	C	ACF
DABC5 4  B2ACC C 	CB	F !B C C3B	CC8  B
BC		CCACACCCB		CB	BCACBB2AC	C		CC
BACA	CB	AF)		CBC8	CA&	B	BCACBCCCBAC
	BA	CA	ABCCB4B2ACC	CBF


!C AE			E"	FE C	
 "A#F	EFFEC $C ABD	ABFC B	EFC DEC BEFABC AD%EC
AF	EC
E &	AFAF'F		EF
< CA AA 2B C CCB 	 	CB	 A	CB C BA C
B	A	2C B"CC   A		AF +B C8  	CC C		C
C C AC 		 "C C 5A&C 		 	 C BA   &B	
A		AB	CABC 8CA8F!CBAAC	CB	CABCAB7D,FDE5(F

, 	DEA"E# $DBED%EAAFDE
<2A	CACCBBCBC"A		A	BCC3		C8PS8'PF!	CB	
BCACB2AC4CB	A	2C5B"CCF
E  !"F#(F	A	F!FAF!)'	EF
!B" B	C C C3B	CC A		A8      B  CB C
A		A&CC		CA	FF	ABCCB 		A	CAACCAAB	CC 
B	A8 	 CCA"C CBCCC	CC 		2CF+BACA		AC 8( *
	CC-CA2CBC"	CCFFB7D,FDE508CBAACABCBCAF

;  	ABCDE A"E #  $D BE D%EA E E DE BE 'AB BE BF
EAEBE()
!	CB	*7D,FDE502--CBC2	CCACABACC8%CACCBBCB
C"A		A	CbN'8PF6AC	CBAACAC	2"CC	2ACCC
2CBA82CBC"	&CB2ACC4CAAC	A	FDA"CCAB	
	CC BCAC		C 3"	CA A	F)C8 	CB	
A	C	C		CCBABACCCBCK PBCFD&AAC	C
		AC@CBA488	&CBCC4		AB	BCCBB	A	F
!	CB	CCBCBCB	B	"C	C		CCBAC	ACCC
BA	 AB BCF  CCA8 C  ACBC AA 	 B  	A	  C
/CAB	"C8	ABCBCACA	CBCBCBBCBF!	A	
CAA2C	A	CACBCCA	CACB4	ACC
CBAFDBCA	CB"	A	C3BA	BCC	ACC	2C"CCCF

	AB	C	DEF	E	E	E	E		E	E		E	E	


$

 "A#F	EFFEC&CCE	ECDBA	ABC
E *#FF(+!FAF",#!	FAF-./		'EF
CAAC AC CA AABC 	BC C  BCC  2B	A   CBC
C3B	CACFAB	BCCA3BCC8C	2		A2B	ACB	AAABC		CF
)C BA8 C B2/C 	BCA CA 	 C	  AB E  BC C
C3B	CACF!C2B	A "	CAC B"CC ACBCCCA; A	CCCBCB
 5C4 C "C"C 	3C  ABF )ABC BA8 ABC B2/C B	A C C
BC4C3	C	CAB/C		4&CC2B	AB=C4BBA	
2B	ACABCBCBCF
+B AACB 	A  2B	A B 	CB	8  	  2B	A 	C
	ACBCA	CC"		CABACB4	A	*A	BCA2-F
FB  7D,F DE5 8 A BCBCA C BAA C 	BCAC 	CB	 C3	AAC8
ABBCBAC PC2B	AF#A2B8BA	C-CA2-BCBCACAC	CB	
A	CBB	A	CACBB	A	FFBC7D,FDE5 -5-ABCBCAC
BAAB ACACCFL	ABCACBCCCCACCAC
	ABC%AACBOBABBC$4B"CC8$*B"CCCCAA	C	CC
CB-F	AC8 C 	ABC	BCA	C >0?CA	"B C-	B C-F
	8 C AC C  CA  B=C 4 B	AC A		 B FCB	 D	C CA 
	"C 	ABC	)C&33B C ACCACBCBC CBBC
	CBCCCAAC"A	AB2AC	B CCC		CCAF!	CB	CA		AC
CBBC	CCACCBBC	CB		CBCBAAC	BA	CABCAC
CC-F+B	CB	CC-8ACB4ACBA	CF		FF
<#DE$FFAAE#:!=$ EB6EEEBE"'ADA>EEBE
BDEDA
	 '("CD)C *C+C
  ?FD'DEEFAED 8( 8.S.8.
#  ?FDE'DEEFAED 8 8(S8(
  <EFBEAD'DE4 '8$ $8S(8
B  <EFBEADE'DE4 08$ $8'S'8
E  <EFBEADE'DE4ABE 8 $8$S.8
'  EABEEDADE  8$ .8S'8

!C BAA C ACBC C ABAC *D1- CA CBBCB C "A		A	 B  CB
&CC  C 		 A B B  #2C DF < AAC AA 2B "C 
"A		A	ACCCA	2C*$8'PS'8PCBBCB-	ACB3	A	
CBA			C	CCCA"	&CBAA4	BA	CCAB
C		F!CABACCA			ACBCCC2B	AF<AACC"C	A
B4 2B BA	CF		F8 4 	B "C C ABACC 	CB		BCAC C *- CA
		 4 C C  C	2		A  2B	A C CA	A	 C B	C BBC  A	C CA
ACBCCF ! "A		A	 CA 4 .8PS'8 CBBCBF 	8 BC A	C BcA
C AA  CC AC	"C A 4  	 C 2C "A		A	 *	 C .P
CBBCB C C C AA	- CA  2 ABAC *8%-F !C 	ABC ACBC 		C
	BA	C BAA"C2B	A C"	CAC C ABACC8'%F<CA C
	CC		C	2CC	2		A2B	AF
! AC	"CC ACCCAA		C 		 CCCCCBBA C		C
CCC	BCA	FCB2/CC"A		A	 	4 	BA	A			
BCCC		CCA4	CC	CBC*A&	"CCA$-BBA
:C	ABAACC3	BCA	*CBB	ACCACB C-FFB 7D,FDE5 8C
BAA C 	CB	 B AC C  CA 	ABC 	BCA	C C  C *BBC	C CA
BBC	C-ABC "C CAAC AC		C CBC BA	CC BAA 4 C3AB	CB C
A 	 	BC  "A		A	 	"C CBBCB CA C $8.PS.8PF !C ABAC CA
BC4CCBC8%F
	AB	C	DEF	E	E	E	E		E	E		E	E	


$


 ( !AFA BE D B%EA E FEE BE # :&()  E DE A
E"EE3E ?FD'DEEFAED# ?FDE'DEEFAED <EF
BE AD  'DE BEAED B  <EF BE AD E 'DE BEAED E  <EF BE AD E 'DE
BEAEDEEABEFAEEEEE '  EABEEDADE<AEE3EFDE
AEDE'DEF3EFAED#ED3BEEFE
 
 		A	C8AC	ABCCCAC	CB	C	ACACC
 8 CC CBCA 	BCB 	B2CCA  "	A C CA	A	 C ACBC C
ABAC*d8%BBBA4 	CB	C-CAC"A		A	*PCBBCBC	
BBBAACC-F
F	  CAC C 2B	A 4 $ P B  7D,FDE5-8  AAC AA CAC "C C
BAA	CACABCBACB	CA	CF6AC	C	3AA	ABC
	ABCC528	A"CCABC	B	C2CF<B8	BCBCC
BAA 4 	ABA	   B  7D,FDE52-8  B	C   CA 2C  	2C CA C
BAA BcA  CA2CF !C ABAC CA  C C 8.% 4 	ABA	  F !C
	ABA		ACBACB	CA	BA	CA	BCF

 EA'DEEFEEBE+()BE## EA/D%A@(
BA	BC	ABA	e 8C	A"CCB	A&C2B	ACA"C
C B2/C B	A BC	CB 4 C 	A	 5&	"C BA C B	C A	C
CCBCA	A	/CF
L&CC BB	CB CB2/CCCAACB	C A	CCABACB ACBC
A	CTA"	CBBBA	C4B	CA	C@

m/Pa).en  (ici Tikhonov de paramètre leest  où 
22
*
α
µα dxdxuuJ(u,u(µ)) EE
ΩΩ
∇+−=
 BCDEF
!C B/ABC C #	G 	A AABC B   2A B	F 1C "C C D1
BCBCACV	C	FDCA2CBCBCB/ABCC#	GB3		CB
CD1FD	BCACC3CC"CBCCA	C$ PC2B	ACA
ABCBCB/ABCC#	GA	"	3		CBCD1F)C48BCB
CBAA4	CB	C3C2B	AF
	AB	C	DEF	E	E	E	E		E	E		E	E	


$$

FB7D,FDE58CABCBCACD1CA	B/ABCC#	GCCC
B	A	"CF D BcA 	C%CABACBCCBCfN 8$F< 	3CB
f4CAACCBF

'DEEBFCEBE<AAADEAEBE/+()BE#

!CBAA	C	CB	BB	CCACAACCA	2B	ACCABC
7D,FDE52-B47D,FDE5-BB	A	F!CD1CACAC8(%F

&$DB%EAE+()BE#DA EEDA
# 

!BB	A	ACCAC4	CB	C3C2B	AC P4  PFFB7D,F
DE5.-8 A	  D1 C CA  BB	A	 B 	CB 	C3 C 2B	A CA
BCACF < AAC C 	BA	  ABAC C  BB	A	 B A C
	C3C2B	ACA		A CB/ABCA	CBB	A	B$ PC2B	AF!C	
C ABAC CA C  C  BA C C 2B	A B"4 ( PF D CA  CCA	C C
BB	CB"C2B	AC PF

 - 1ADAB!=$EEDAE'AABED%FDBEEDE
BE## 1ADABED%EEBE"'ABDEBE3DAE'AABED%FDBE
EDEBE#
CCA8 C	CABACTACCC"A		A	FCABB 
7D,FDE5.2-8CBBCBC"A		A	CK		CAC4.PCCF
		8  CAAC BA	C8   AB "C  BB	A	 B  BC 
B	CACKCBCAA	ACACB CABAC	/C2		 "A		A	
C K  C 	F C B2/C CA BCCA BCAB  A C 	C C 
&	"CCACAAABCCCQ	CC2		5B	CRFD&B	4ABCBF
F	C2ACA	CB8C"A		A	B	CBBAABC2ACCCABC
A&CCBB	A	F!ACCBB	A	C#	GBCAC		CAC3CC
	 ABC  C3	2		A C  AC	"C@ CC 	A C  	ABC C52 A	 C
B"CC C BC A5BAC "	 C3	AC AAC 	BA	 BCAC C C 
C2B	ACA		AC	/BCAA	"CCABACC	CF
 D	8 B 	AA8 C C  	C C BA	 2		C	CC 
AAA	 CA  	BA	 B5  A 	BF )  BA	C 	AC8 	 	A C
	B  "CC 	A	 CAAC 	CB	 AAC  BA C A	C 	  C
BBCCAB	CFCBJCF
 
	AB	C	DEF	E	E	E	E		E	E		E	E	


$

E 0	F/	!FF"#	EF
)AC	"CFCBJCD	8/BCCCC		CCA&	B	"C
4	CCBCCB	A	ABBCF<2A	CABCCA	ACBcA
C
0
1
xx −
 E 3  CA  	A	   CA 3 CA  	A	 ABC 2CBCF  A
A		CB  C C 	A	 C "A	 C A	"C 4  	C	8 
	CB  	BA	 B5 C C 	C CBAC 	AC  EBA C 
	A	)F
!	BA	BCAB	CB	A			CC3B	CAF!	CB	
CA2BB	CAC	BACC	BA	BCB2/C	BCAFFB7D,FDE5$-8
 AAC "  2C B"CC BcA C  BC C BCF CA 
A	 C CBBCB C 4  	BCC 	AC CABC  CA gF h  BAC 
	BA	 B/  B	A	  B2/C 	BCA8  AAC "C 	CB	 A	C 4
C*7D,FDE5$2--F

+   EA  B''A AFD B DE FA#DCE BE #  EA E
FEEAFEBEDB''AAFDBDEFA#DCEBE

) CCA		8 AAA	CAAABCBAC/CCBA	 
BC ACBC ACB5	"C3 "A	 C@ 3
3
4
0 t
p
c ∂
∂
+
δ
 Ei CA CDF


5
F
>?FiCA		ACA	CA	j*BF
5
-CACAAA	f*D;-@
 2
3
0..2
ω
αδ c=  BCDEF
		8 	  CA 	CB C AAA	 f AAC   		C C 	ACC C
BA	    	BC8 	 A B	CB B i C C A		A B  

F  !C AC
B		C"C BCCACA 	"4 AAA	F< 	CAAA	
AA4 	A	C CC3B	CAC*5 8%;M-F+	B	C 	CB	CA
CAAA	*BCCA	CCA7D,FDE5'-CA2--F

 8 B#EEBEAEEEAB DEFA#DCEBE#  EA
EABDEFA#DCEBE:(*B6CD 
<AAC"C	CB	CCBC	AAA	CAB	CCACF
<B8AAA	"C		CCABAACCBC4CCCBCBC
CC		CCACB	*	CB%;-F
D	CA"	ABCBCCACC/C&	"CCCBAC	AC
4ABCBAAC		CF<CACCACCCB	CA	2C	CBCBK"	
C3	AC C AAA	   	 	"CCAF F	 AAA	 CA 	CA CC8
	CB	 C K C CBC  	  C BC  C AC AAA	  C C3
	*7D,FDE5-F
	AB	C	DEF	E	E	E	E		E	E		E	E	


$0


9 B#EEBEAEEEFEEAFEBED%ABDEDA
:(*+B6CD # EAED#AEABDEDA
!	CB	BCAC"A	AA	CCACBC	5CA	CAAA	C%;MC'PF
LC 5CA	A	 C 'P CABcC C CBC BA	CC C  ABAC CA C
"A		A			FDCAC	BCCA	CBAAA	C	/BCB	CF
< CA 	 	CBCB AAA	 B=C 4  AC AC " C C C
		CCACA*7D,FDE5(-F
,EABED%A/ABDEBEDDEEA !EB%A
A"E# EA/D(
CE
A EA/D%A'DEB AABEA7A
BEA

!	CB	CAAA	CCCCBBCBC"A		A	CbN8'P
CAD1C$8%F
B8CABAB	CBAAA	"KCACACA	CBCBK
" AAA	 CA CF 6CBCCCA8 	CB	 C C3 B/ABC  
A	BCA		AACBCCBBA	BA	A	CB/ABC8
CCA	CA	CTACCAABCCB/ABCFLC
ACCCBAABC B	CFD	8B 	A	C ACB C
C C3B	CAC8 C AC BB 	ACB C CA	A	  C C
		CCA*BC3CCCACACC-	BB	CBCBAAA	
A C BCC	B B K B 	BCB CA	A	F LC ABC A	 BB	A 	ACB 4
CA	CB AAA	 B C AC 	BCAC A C BCB 4 	CB	 C K B=C 4
	AB	C	DEF	E	E	E	E		E	E		E	E	


'

BC A	CF < CA 	 C	CB C B	AC "	 BCA CABC C C3
B/ABC	C/CCBACAAB	CB	AF

E 1	 #F2F!F	F!!FA#F/+EF
!CCA	CB	CA	5CBCACC2BC3ACFCCA8"
CCA	"CCBCC:C&5/C8 ACA	CCCA
 4 CC 		CCACA	2CFDC 	A C  CCA8 C
	CB	CA	BA	C	BCBCA	A	C0F
LC BC 2C ACC BC A	C CBCA C			CB C A	 C
TA  AA C 		C 	CCA C  	C BC	BC  F +B
ABCBC8C	C		CC3B	CACACC3	F<
B	CB	CB	C	/BC	AC@
• !CB2/C	BCACAB	BCCAAE 9:;:B%F
• L"C2		BC< 9:;%		4BA	BC	B	ACCE, 9:;:B%CA
BACACBC:CE	C	F
• <		A ),().,,(),,(ˆ zxMtzxstzxs = CCB2/C	BCA"F
o !CBBCB CA C4 BA	B C kB 	ACB 	B C CBBCB 
&	"C:C&5	@ ),,(*),,(ˆ),,( tzxstzxstzx −=ε 
o !CB2/CB	ACA	F
• < C =0 C E CA  C > B "C C /C C   :C
&5	F
 !7D,F DE50-ABC C BAAC 	CB	" C CA 
		FD&C	BCC		2C*7D,FDE502--BBBAECCA
  		F FB  7D,F DE50-8 C C3 A	 C TA A BCBCACF !
	ACCCCBCCCACACB	BCCAF!CCB
	CCA	CTAC	/BCA"CC 80%F
 ;  EA/FB%EABE"EDDEBDEDA# $'EE*
AD !AFABEDAEEEBEBE3 E# 

 C BAA CA BA		/BCCA 	ABCA  C BC C CAAC A/C 	"C C
ABC "	 CB	A 	2C 2AC	B C 	BA	 	A	"C  C 	
	AAB		C C C C 	C3 BCBC C 	C CABC C CCA C BB	A
2		"CCABCAA	CAB	3C	BCCACC	F

 'ABD	ABFCACCFE,FA	ABC
,B=C  CA 	CB	C A	5C8 AB	C B C C 		CCA
CBC C  BC C C C 		CCA C	 C  	A	 C AB/ AC
BA	 A	C ABBCF   BCABC  BA ABAC8 	 CA  	2C
2CBCB C C CCAC C 		CCA  		C C 2BCA BCAB8 4 C
	AC	B	CBC4MF
!B C ABC B2/C B	A 4 BC 	A	C8    C C
BA	CCACCCCACACAB	BCCC	ACBCAC
C@
?AEBAE2 Rdr
r
rdS
r
R
rS
pi
pi 221
0
== EEE
=
  !"#)$%
?AEDAEFABAE2 ( )Rk
R
rk
S
rk
e
k
e
k
rdrde
r
⊥⊥⊥ −
⊥
−
⊥
−
−=F





−
=EE 1
2121
0
pi
piθ   !"#*'%
	AB	C	DEF	E	E	E	E		E	E		E	E	


'

E1CACB&C2	ACCA ⊥k CCACBCCCA"	CACBBCC λpi2≈⊥k 
C M  CB AAA	 C C CCACF +B
1−
⊥<< kR 8 C BBA C
	ACCCAC;BA	C`CAC@
RRk pi
λ
2
1
≈=Ω
⊥ 
 !"#*&%
		8 	  2cAC   B& C BBC C  CB C  	B	CB8 C C
CCACCA	C2CCACCA	BC	CCBC	ABA	F
+BB		CBC8/CC	C2CCACCBC3ACA	C	B	CBC
4  		AC C	BA	 M; CA C C BCBC	AC 	B	CBC 4 M;F !	CB	CA
B	C C C 2cAC C A	C 8(M 	 8M 	 M;F ! 7D,FDE5  ABC C BAA
2ACCC	BCACA	CC2cACFFB7D,FDE5 -8C/CAB	"CCAC3F
D	ACC3		*KN8-C	/ABCM;.CAACCABCACCM;.FFB
C7D,FDE5 -CA-ECA	CC2cACABCCA	CCAC8(MCA8M8AAC"C
	CB	CCBCCB2CCBCA"CBACC3		FFB
 7D,FDE5 C- C  2	AC C A	C M;8 	CB	 C  2C CB 3	C C K
*bN'P-CACC3		ABCF
(EAEEBEFEADA 	ABCDEBEFAFA# AABE
A7FA DEB''EEDDEBE#AE B E  EAFABEDDEBE#AEBE*,D**DE
(*89DEFEEE

+BBC8C2cACCA	C		AM;CBCAAAC	BCCB	CCCB5
BA	CAB	C AB	A	BCB=C4CC	ACCCAC	ACF<
CABB	CB 	CB	:CB:C	CBBCCA	"	CB	CA 			2C
 C B	CC  		ACC	BA	F!	BA	CBCCAA		CC
	/BC2CFLCACCCBB	ACAAC	BA		BcABCCBCCC2B	A
CCAC	ABCF

 
	AB	C	DEF	E	E	E	E		E	E		E	E	


'$

C AE	E		E	#C	
 -AD%ECE$EB	CFC
)CC	B			BC BCCC3B	CAC C BCC B	A	A
AAF!	CB	CAC A	CB4CC 	BA	B8C
AAA	8  	A "C C A	"C C CA  AABC 	C B  /C
A	"CFFF +B BCB "C B2/C &	"C8  	A 2B 	BCB  
	CFD			BA	BC	BACAACB			C
ABCBCCABB7D,FDE5F

 5 E3FED B%DAFE AE BEAEDDE E%ABE FDE
EEFEEEAE

!C C C &B&	C AA  C 		"C8 	 CA 	C	2C 4  B	WC 4 C
C AB	BCCA 3 C &	"C A&C A	CF +	CB 		 C 	BCAC
BB	A A A B	CF < CA BACB C C C 		CCA C CA 
CABA	C A	C CABF		8    2AC	B C 		C 
BC"CCCC&B&	CACCCACKN0G+F!CC4	AA
CABCBCC		CAABB7D,F-BC		C*KN80G+-F+B
CAC3CC8C	CBA	"CAABA*PCCC-F!7D,F2-ABCC
CBAC		CCA	CBAC	CBFD	A
C		A	"CAC	ABCCBB	ACC	CB	
CFCAACC3B	CCCBCAAB	ABCB	CB	C	CBC	BC
F !7D,F-ABC C  CC 		BC	CCF<CA	B
CB	C BABBC		"C 	AB	C CC"	ABC C 	"	CE
		CCACA	2CF

  ?BE BE DDEE / D EE BE D%DA FA B''EE DA  
DAADDE:*;AF # DAADDEB''EA"E DAB%E

C	BCACC3B	CCCBCAABACACACB	CB		BCAF

 EFCA#%EFCEBAB	FC
 C BB8 	CB	 C C C    AABC B	CF D  CB
	CB 		A BCABCF )C BA8    "	 A 2	C 	CB
AAA			CFB"CC&B&	CCA	2CCAAAA8 A	CCA
	BC		A	C2C		A	C	C	CB	F!CB2/CCA
	BC:CCBC	2CBACCC	A	B	BCC		CBBCB
2C	C	CB	F
)ABC BA8   A2	 "C C C 		CCA 	A C	CB 
B3	A	A	"C C C 	2CABAC *F	-F)ABCC3B	CC8 	
C3	AC C BABC CAAC 	C CA B3	A	 A	"C CA C  AABC 	CF
+B 	B C 	C C  	BCC CABC BA	 A	"C CA BA	 A	"C8
B	C3	A	C		C3"	CA@C	A	A		AABC
C A	"C C ABC 		C ACA CA C 	A	 A		A C 	A	 B
	BCC		CC	CACBCC"A	CA	"CF)CCB	CB8
CA BABCB C C3 C		CA C ! M CA K *		  BCB MN K-F FB  7D,FDE5$8
CBBCBCABC BA	A	"CCAA	"CAABCBCCCB	C
C	BCCCC38	ABCBCACF
 D BcA "C CBBCB CA 	2C A CABC  		 C "	 	C
		A	 C BA	 A	"C CA A	"C  C  C 	2C ABACF  
	AB	C	DEF	E	E	E	E		E	E		E	E	


'

BA	CC		8CBC	BCCC3	AC4 BA	C		"4B	ACC 		8C
"	CAC	CC"C	BA	CCA	"CCAAA"	CAC4CC
CCA	"CF! 	A	 A	"C CA  C	BC B 	CB	 C 
CC3B	CACFCCA8 C CCCACACB2	ACCCA
"C   	BCA	 3	CF LC AC ABC BB C CABCB B 	BAC C 
CBC C ABC AC C CCA8 4 	B8 4  	C	8 C CCA
ABCA4	C	8CCCAB5FCAACACBBCBCAABCC"A		CB
C 	BCAC CB	 C C CABC C A	"C CA A	"C CA CB
	BAC	CB	CCC3B	CACF
 	8 C3B	CCA A B	CACAC A	C 		A C"	
BCBCBC3	CCC		CCABCB	F!BCCCBC3	C
CBC		BC4ABC	CB	CCAAABCCBCCB2/C8AC	CC5
	AC	ACAB/	2CF









 
$C EFE	
	

C	ABCCB	C3CB	ABAA4A		CBCBCB	A	CC
CA	A	  C C 		CCA C AB	C FCB JCF D 	 C
2C	BA	BABC		CBBBA3	C	"C
/  	 C  BA	 C C C 		CCAF & B B3	A	
A	"C8 C AB	  2B 	A 4 BCBC C 	C C CAAC 	CB	
	ABA	C CA BCB "C CBA C B/ABC 4 	BCB  4 BCBC C AC 
	CB	CCC3B	CACF
LC ACC BC 2C8 "	 			C C CBBCB  AA C 	C A	5
ACBC8 CBCA C 	BAAC B2ACC 4  CBAC 	BA	F #A 2B8 
2ACCC	CBC"A		A	C	A	CC	A	*PCBBCB
C	-		"ABAC	BC.%CCBCCC PC2B	AF!	CB	
/C C 	BAAC B2ACC  2B	A CA 	 CA 	2C A		CB C AC	"C C
BB	A	CABBCCAF!C	CACCBB	A	A
C3BAC	CB		CAABC/B3		A	ABAC4
2B	AF !	CB		 ACC	BAABC	"CCC	CBA	CC
"	BBC4C	AA		ACB		BCCABCCCBCABCC		CCA
CCCAB	CFCBJCFCAACAC	"CCA	B	A	BAA
C	A	C	A	"CCA&5/C		"CC		CBA	C
			ACB	AAB		CABCAC	"CABCA	"CF
#AC	8CAAC 	CB	AACBAC/BC			C"C	CC
A		CBBCCC3B	CACF)CBA8	BA	CCB	CB	C
	A AABC BCB	AC   	A	F )C 8 CAAC 	BA	 B5 CA CB 
 	BCA B"C C 	BAC B C AB	AF ) C 8 CAAC BC
B	2C 4  	C	 BBAABC 	"C 	 AA C  CA F)ABC BA8
AAA	8 CA  BCCA  	CB	8 C  B2/C C 	A	F F
	CB AAA	8 CBBCB BC CA C B2/C B	A /CA C BA	C 2C
B"CC "	 BC	C CA 4 C 	A	 	C C AB	AF LC 2C
	A	CAAA	CAC	BCFABC8AB"CCAAC	CB	
2CCBCAA	AC 	CB	B	ACC:CE CCACB2C8C
"	AA	ABAAB	CBC	&5/CF
	8AB"CCB	CCB5BCAAABCAAC	A"CC
CCAC BA		CA 4 	CB	 C C 2cAC CA 	CA CA	AC *l M;-F
	AB	C	DEF	E	E	E	E		E	E		E	E	


'0

3B	CACCA8 C 	A C B	BC  A	C C  2cAC BCB 	CB	 	 A2C CA
	B2ACBBBA2B	AFD	CBC		BCA	CA	CF
 		A	C8    ACACB ABC C 	CB	 B C C
C3B	CACC"	CB	C	C3BCBCC2C	C	CBB	ACCA
 BA	 C CF D A 2	C 	CB C CCA 	"C3 		A C 	
AAA	CA	CB"CC	C2/CB	"CFDA		CB
 /C C BA	 A	"C8 C "	 C	ACB C AC  CF LC
BC AB	A	BC CB	A A		CB C 	BC A	"C "	 CBCAAB C	CB C
ACBC C B	CA C K  AC	B AC C CB	 C C CA C CCA
AB3C		CCAF 
	AB

>? 6F7	GCA6F#ACB8Q6A	OC		CBBCA	R8+&	#&8F'8mF
8F(8  F
>? #F )C	C38 Q+A	 B BC C B	A	 ABBC CA B	C ABB	Cn@
	A	4BAB	A	A		BC		FR8L	CB	A+B	5)	CBA5+B	EDD8  (F
>? F #BA8 QDCB	  C		 BCCA	 A 	 AC A	 B3	A	R8
,C&	8F.08mF(8F$0\''80(.F
>.? )F1&CBF)	CC	A8A	JC	F	Dn@7BCC,	C+BA	F   F
>$? !FFB	86F#ACB8FFAC	C8CA6F7	G8QFCB		O	A5)AB	CA
CAB&R8D#BA	LAB	87CBBCCAB	7BC"C&AB8F
.08mF.8F.'5.$8BF  F
>'? YF 6!	 CA )F 1C:	8 QFCB OC CC BCCB& 	 AB	CA CAB& 
CB				BA	BAR8DCBC+B2C8F8mF8F'(5 '8
BF  'F
>? YF 9F 1C CA %F )C	8 Q	G B3	A	 	 CA	5OC5AACB	 ACB&R8
+BCCACA AC7;)1+1CF+BBC 	hA	AA	CD)8%CB8F85F
0(8F58F580(F
>(? 7F5F!	86F9F1	A:OCB8CA1FF	CCB8Q	GAB&@BCOCAB&2&
C BA ABG	 B  BC	 2B52 C		 BB&R8 ,C&	 YB
DACBA	8F8mF8F 0\ 8  0F
>0? #F9FUCCAJF%F%C&8Q+B3	B&U	B	BA	R8,C&	8F$8mF8
F$. 5$.'8BF0((F
> ? %&8F8U8)F8FCBO8YFJFF80(81CCBCA	C	BA	@,C&	8
.(8$.5$.F
>? F #BA8 DCBC +B2C #CB&  6CA B 6C +BCACB A	A	F
F	CA&BDAB		C6ACA	8  $F
>? <F #B CA +F BA	CB8 QEB	A	 		A	  6CACB	 <2CBA	
J	A AC B	A EBA		A& "A	F D@ #CB&R8 hBACB& YB  AC 1&
6CACB	F	CA&8F8mF.(8F\(80(F
>? F 7	ACB8 9F5+F %C8 CA 9F DC8 Q#C B	A CA 	 C	&o@ DDF
	A	@ ABCA	C  C	A		A& A	R8 +&	  AC BA  +CAB&
DACB	B8F$8mF58F $58TA  'F
>.? YF#B8F#C8CAhF!	8QFC		 AB&8B	ACA8 A	CBCCB
25AGCBCR8,C&	 YB DACBA	8 F ' 8 mF 8F 0$\'8
  $F
>$? 1F5F +C	38 Q BC	CO  AC B	A5AAC CA B A	 AC B	CA  
A	O	AC&		A	R8,C&	YBDACBA	8F'8mF8
F.0$\$ 8  'F
>'? 92	2 B	8 +	CBBC ,B 8 7BW	 YCF FCBA	  C 	 CA		A&
		@CB	A&8YBAA	6ACA	8  8E(*-@$.5 8
  F
	AB	C	DEF	E	E	E	E		E	E		E	E	




>? ,F+	A8YF)8FF1C:OC	8CA,F#BC&8QCACBCC	CBAACA	
5 OC C  ABR8 D #BA	  LAB	8 7CBBCCAB	 
7BC"C&AB8F$'8mF8F..5.((8B  0F
>(? ,F +	A8 YF57F 2B&8 F %&8 6F 6CB8 6F +CBA8 CA 6F #ACB8 QAACA	8
AACB	82BA	AB	ACG2CR86C	+&	8F08mF8F
005 8 F
>0? #F)C	C38YF5!F,C	8YF%CB8CA6F#ACB8Q<ACCCABCCACOC
	AB	CACBOCCAB&R8D#BA	LAB	87CBBCCAB	
7BC"C&AB8F$(8mF 8F 5 $8AF F

 

	A	B	CD	E	F	F	D	F		DDF	F	FF		
F		F	E	F	



	AB 	
CD	 E	 F	 F	 D	 F	 	
DDF	 F	 FF	 	 F	
B	F	E	FB	
 
F	
	ABCDE F	ABCABCCAACBCBCBBA			
ABBCCBAC	ACE	A		AAB		CEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
E CF	A	CCAFCBACEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE 
	E F	A	CEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE 
		E F	ABC	CCEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
			E !CABCCAACBC"	AEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE#
	FE $%CB	AAEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE#&
'E CCACF	AC		CACAB		BCEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE#
	E (B		CEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE#
		E 	)		CA	"	CBEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE#*
			E B	C	BCACA+,	A	-EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE# 
E D	A	C)B	CACCF	A!.BCEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE##
	E (BCAA	CF	AEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE##
		E /	CB		C	A	BA	EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE#0
			E /	CB		C	AA	CCACCACC			A	
C	BA	CA'EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE0&
	FE /CACBCBCCAACBEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE0
FE A		CEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE0
1E 	BA	CF	ABCCACBCCBACBC	EEEEEEEEEEEEEEEE0 
	E CA	CA	2CB	CBFA	EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE0 
		E !CACBB	A3	ACBCC4	BEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE00
			E $CBCCBC	BAC	CEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE*&
	FE 	BCCACF	ABCEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE*&
/E F	AAB	"C3BC	CBFCBCAB	ACCA		2CEEEEEEEEEEEEEEEEEEEEEEE*&5
	E 6C	AC	A	1EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE*&5
		E (BCAA	CF	AAB	"CEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE*&5
			E CA	CA	2C.(74(1$,EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE*& 
	FE !	A	CF	AAB	"CEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE*&
FE D	A	CCA	C.(74(1$,EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE*
F	E 8BA			B9CF	AAB	"CEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE**
:E 	EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE*
'		B	CEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE*5


 
	A	B	CD	E	F	F	D	F		DDF	F	FF		
F		F	E	F	

;

1 C 	A	 C 	AAB		C CA 	AAB		C< C =A%C C 	C
CAACA CA 	CACC ABBCC AB% BAC 	ACE 	AAB		C C	
AAC	BC C C	 C F	AA	  =CB +CF	B ";$(    &>?@ AB-E ,	 C 	A C
	A	CA	BC<CACBBC*5E/FCCAB	ACBCBC
@C< 	 CA C	BC C CB C 	CE CC BC	%BC A	 CA C CB
CAACBC	%BC	2CECAACA	CCB%C2F	CACAB	ACCA
B C A	CA +AA A	2C< C			A< B		A  AB	ACCAD-E CC A	
CAB	2C	CCBCACBCBC=A%C	)CCACAB	ACBB	CCAC@C
ACCE  A	   C CB	A A		CB  BC *1 CAACB C BAC
	CFCAB%BBCCA+E;&&-ABFBCCAB	2CA	"
F	CE C =A%C CBCAACA C CCA C BCB C 	 	AAB		C   FC
%E 6	< A	  	C  BC B	2C CA 		AC
AB	2CCAC@CC2C2C		%ABCABCCABCCC
C	BCA	F	ACABACB2	AC	BCCAC	%ABCAC&GB
BA	B C BC A	FC 	AC  CACB C BC CA C 	%BC
B		A	BCE  	C H	AC B	2C C C ABCA	2C C &*5 CAE
$IC	CBCCF	CAJB	CC &&&CAB	BCAA=C
C AB	C ABBC AB< 	 C)	AC C ABC A	 	C 	 KACC3 C F	A 
!CABCCA.CBC+!.-+$A	EA5B"A B<,BF@=	AABA#BCA?LBA	A
A0B-E	A	BBCABCCAACBC+!.-CACACAA	FC2			C
 BBC 		C C B	A C 	A	 A	"ACBCC =	2C B 
BC  C FC FC  BC 		A CAE A		A	 C !. CBCA 
BA	 C A	AC C BC A	2C F	BACC B9C ) BFCBBA	  
F	AE
/ 00< C C)B	CC C 	A	 B !.   	C C  AB C
FAC		CBB	CBC	AA&BE?	ACCCA<	A	B
!.CB	CCC)ACEC	BCCCBACBCCA	CBCCACA
CBC	AB B  BC C BCACB ABE C 	) A C	AC BCAB
ACBCCCACAB	C	 CBC<A		CAAC	CBC		E/
C)	AA 	FB	C B !. CA  B	B	A A	C C 2A	 C< C 	)
BC	CAACBCCCACAA	CCABBC		A	CE		<C!.B	A=C
A	2CBC	)ACBCC)CB2CCAC!.BBCB
CA	ACCAF	BACCABC	CBC	%BCA	CBC	CCE
	CA		CBC	AB	A	A	CACCCA<BACC)	ACC
AB	CCAIABCFCBA	C	C	ACBCCE
1 C 	ABC<   	AB	BC  FC CA C !. FC 
A		A	BF	CBC	A		AAB		CE6A		CBCCB	C
<;$?@ABFCBC	CBCABCCAACBC+*#F	CM		CA	%BCCA
BBC< BCC- 2	  A A		C  BA	BC B C BC	%BC C)B	CC
	CB	C ABB	C CA /AB	C ,CB NFCE $	 AA B< 	AB	 C
	BCAA=CC!.C)	AACE6FCBBCCAA		CBCAACF	AB
AC	BCC		CACAB		A	CBCCM	AAB		CE

B 	CD	F		FCB	
 	ABCDE
C ABC FAC C !. B	C  		A	 C 	AC C 		 C
	A	 B BC"BC	 ACBCC  	 AB	 AB%  +O - C C
		 AB% BAC  =CB +O P-E $A  	A A B A A		 C F	A 	C C
B	B	CBC		ABBC C+:H8ED"-ECAACC)B	CC
CB	 C B	CB  BCFC C CA< CCA M	AC C BC	  =CB BCA	A
		ACBCAACF	A CBC BACCA 		A CB	C AB	C C		C	CE H
AAB2CCC	A	C		A	CA	CAFCBA	CBCCCACCC
		CCAJ22CCCF	CCABBACECCBA	CCCC		CCA
CFCA IABC BCFCBA	C  	ACBC C C C BC	E CCA<  BABC
	C A	2C BC  	ACBC< 2	 B	A  A ACB C 2	A +Q- 
BACB<		ACBACCAAB		C		+.O&<-FCBC		C	CE


	ABACDEFEEEADFDDDDE
ADEEA !AB"#FEEEBF$BFEA DE#AED
ABACDEF%AEBACDEFDA&EDFEEFE"AEE$AA"E

	A	B	CD	E	F	F	D	F		DDF	F	FF		
F		F	E	F	



HA	C	2CBCCA	CB	CB	2CAB		C	FC
CCBBCCACA5BA;BCA		A!.B	CBM		CAA	A
FCE/AAC	C	FC	BAB	F	A<BCA	A	A
B	C=CMCA	@CAB	2CCCBCF	AE

'(ACDEFDFB"!A"DEDDD

<,BF@=	AAA	CBB	AC	A	C!.BC	C
CE
 	FECEDE
CBFCBBACBA	ACF	ABFCBBACBC	CCB	C	C
CAC	CCA	2CCABC	BCAFCBACCCC)AB	AA#BEC		A	
AABCCBCB	CB	CAC CCBCAB	2CCAC
	AC	BCBC)C=A%CBCBCCCBCC)	
C	BC 	AC	AE CCA< CAAC F	A FCBAC   AB 	BA	
			A	FC C 	AC C BC	  =CB 	2C C 		A	 		A C 
BACB	CACBC2	AFCCBACCBAC+:H8ED"-EAC	CB	C
 C C	CBC 	A	 2C AC	C 	AAC  2C AC	C R C
BCACBCA=C	CCFCBBCCAAAA	BCCA	AB	CBABE
)	ABACDEFCEDA*ACA+A,$EDAEDFE
FEEEAEBF*AEDA$EDEBEABEACBA
ABA#A$EDFEAEDA

SACF	A	CCBFCBBA			CAB		
CACABCA<CF	A	CBFCBBA		BACAB		E1C	ABC<
 C BC 	AB	BC  FC CA C F	A A C C		CA C AB		
BCFCB	ACB		BCCABCC)CC)CAC)	AAE

 EBFEEEBFEC
SCACCCB	C!.	2CCAC	CBCAC	2CC	A	E1C	A<
C!. CA 	ABC AE C!.)		C BC	 	AC 	A	C A	C
MCB	CCF=CECCABCAC	2CC	A	CAC	ABC	FCBCA*BECAACAC	2C
CA	BCB	A	CACBCCCC	BCCACBCBC	CKA
=CBCACBCACBCCBCCCAE/CCA<AC	2CCCBCCB	C
	BCB  	A	 CA CA   AC  ABC  R  FCA)		CB 
	CE.AC	<1CBC	AA 	AB	A CBCABCCAACBC"	ACAA
=CCACB	ACC	A	ACCB!.	2CABEC	AC
	2CB)	)B	C2A		A	"	A3+T	+"A-E&CA "	+A-U&-EABFCB
 		C A	"	CB< 1CBC  	A A AB 2C 		 BCBCC A	A
		CC*'B2C CBA	 ACBCCCAA	CBCA	CA CICEC
			C2C	A	B!.C	C	BA		ACBIABCC	CE
(B	CB< C!."	ACBCACAABCCB	CECABCFAC!."	ACAC
F	BA		CBCCBCAB	2C	CKAE
C BCABCCA ACBC "	A CA"CC C	CBC C AC	2C B AC	B C
BC	 )	CV ,A 2C ABC CAB	2C CA 		AC  		 B  FAC
	A	B	CD	E	F	F	D	F		DDF	F	FF		
F		F	E	F	

0

TD4"D<	ABCBCCACBCB	A	C	)C!.CA
!."	AE
,	A +A- C 	 BFCBB CBC	AB B C  C CBE 8B9C   B	B	A< 
BC 		CC +A	C8BCC-C  BC  BC CA IC2C CC 
BCBCE		<C	BCBBBCB%!.B	A3
 )()()( θθ −⊗= sstr  	ABCD
RC	C⊗	CBA	CFA	EC!.	ACCA"BBA	BC
	E / BA	2C< B)		CB 	AC 	C< C 	) A B	 B C 6
F	C		C3 
 )()(1)(
1
θθ −⊗= 
=
i
N
i
i
i
ss
M
tr

(Eq. V-2-

	B 	ACA 2C C 	) BCF= A 2C2C3 A"C +A-E
	ACCBC	ACCCAAC3
 = dtthtsr )()(0  (Eq. V-3) 
 (B		AC=",LBA@<	CA	CB	BC3
  ≤≤= dtthtsdtthtsdtthtsr )()()()()()(0  (Eq. V-4) 
 SB<  CA CB 2C )(th C CA  CB C CBA	C FCB D
	CBABCCAB	2CE1C<CAB	BC ( ) )(.)()( tstssignts = E
1R	CCA3

( ) ≤≤≤= dttstssignVdtthtsdtthtsdtthtsr ).(.)(.)()()()()()(0  (Eq. V-5) 
S A	CA 	A 2 ( ))(.)( tssignVth = < MCA""	BC 2  B	C C !."	AE
C	ABC2CC!."	ACAAC	2CA	C2	)		CBC	FC	ACC
	A	ABCBA	2CE



 BDCEDFAB
HAB	A B 1CBC  	A< C%C  B	A A CBCA C	CB C 	)
			CA	"	CBBBC CF ABE C 	) AB	A CC
FB	CA	BCECB	AA	ACB	BCBC		CC		CC
CCC	)CA	BC2	AACBB	FCA	BCE

 −=
i
ittets )()(

(Eq. V-6) 
RC+A-CA BC 		CCA"CAB	2CC BCFCCC
BCACBECBBC	AIABC	CABB2CC	+A-	ACC
CBCCFB	CA	BC	CACFAIABCAB	ACCCB	A	
BC	CF	 C AB%CC  		ACCABCESCABB	BC FB	C
A	BC 	C  	 C  	 	C "AA		BC C=CC C CA
A C FB	C )(2 tσ 2	 BCBCAC CFCC  	 )(ts E H C C C
CBC	ACC	A	B!.CAB!."	A3
 { } ( ) ( ) θθσρ = dtMtrE
21)(  (Eq. V-7) 
 { } ( ) ( ) θθσρ
pi
dttuE =
2)(  (Eq. V-8) 
R ρ CACC		CACBBA	CABC+A-CA+A*-CAC=C/WXB%BCC
=CCCCCE
BCDEF	E3,	 C2CBYAC)CA	CCCA CAC<CA
B	BC )(tσ C3 tetuMt ασ −= )(.)(  (Eq. V-9)  
 R $ CA  FCB  )	 C 	AC C   +A- +BC
		CC-<+A-CAA	C?CF=	C<ZCA	FCBCACBAB	A	2C+
"
-E
 { } ( )tMtrE ρ
α2
)( =  (Eq. V-10)
 { } ( )tMtuE ρ
αpi
2)( =  (Eq. V-11)
 BC	  	 BCAB ACBCCCA CA C  AA C 
BC	ACBCC<BCBCACBCACCB	C4Z<2CCAB		
CF	A<2	CABBA	CC$E/2CC<A		CBC!.B
ABFCBCC	CBB	CABCAB		CABFCBBA	E 
	A	B	CD	E	F	F	D	F		DDF	F	FF		
F		F	E	F	

#

B 	F		CD	E	F		F	DB	
 FE
F	ACBACBCF	ACBBCBCFC C		C
	CECAACF	ACBCCCABBAC	CBCCBA	C	ACC
 FCBABC +41[-ECC)CCC BC 		CC C F	A BC	C C CA
AB B  :H8ED"5-ES 	A	C 	BCCA C	BCA ACC F BBCA 
	BCAC BC)	B CB	C F	AE1C< 	=	CABCC AC
BB	FCE S FCA  C \ 	C C BCBC C AC BB	FC A	BC AA C
		ACC		CACAB		=CCFCBE	CBCCBBCCA
C		C CCA	  C C BCACB CA C  C	A FB	CE / 00;<
1CBC	AAAB2CCBCABCCAACBCA	ABACABFCB		CA	"
	CBBBCCFA	ACA	C	CB	CA	BCCAA5BE

	ABCDEFCFCCFFD
(BCCBIACA	CA	2CC	A	A	BCCACA	CBC
 CB C CA \ C		C   BA	C C  F	A B AAC FCBABCE ,B 
:H8ED"5-<CCACCAJACAABECFCC	CA	CCACACBB	FC
ABCA	BCE.ACBACAB	CCF	A	C<BIACA	CCBC
F	AC	%BC	ACB		BCCBABBCBBCCFC	AE/
ABC<CB%ABC		CA	"	CBA	CCAABFC3	%ABCCA	C<
C	A C 	CB< 	CB  		CD H F	CA 2C  BB A		CB  !. B
AC	BCC	CBB	CABCAB		CA	CB	ACBCCE

CC 	< C 	) CBC	AB< 	 A B BCAB ACBCCCA +
:H8ED"5--	 CA<CB	AAB	AA+"<&<T-CA	CCA
	FCCB	AC	)BC!."	AE
-A.FDDBACDEFDA$.FDD
$EACBA/EDDEDDEDB.EEED!A
*D!A0BF$DEACAEAFFDD

 BDCECDAEF
E C	)	CB	2CE
C 	CB 	2C CA BAB	 B  CA	 C	C C 		 σ  CA 
	BCA	F	AC)B	CCC	=CUEEC 	BCBB=CC		CA
		 C  	AC =CC CABC C) 		 			A	FCE (B )		CB 
	CB	 ACBCC< C 	BC BB =C C 		 C 	A IABC 			E C 	BC
BB=CC ABBA ] CA		 CAA 	AC BAB	A	2CBBC
BCFA2CCCCBC	BCC	BCA			A	CE(BCBFCBCC
AB		ABFCBC		C<	A)		CBC	BCBB=CCABBAESB<
 		C 	CB A	BC BBC CF A C C	A C 	CB =CC
AACA	<	CA	C2C3
	A	B	CD	E	F	F	D	F		DDF	F	FF		
F		F	E	F	

#

 σn
le
1
=
 	ABCED

)cos1(
*
><−
=
ell
 	ABCFD
SRCAC	A=CCC	CBA;BE6CF)		CB	σ
CAUE CCB2CCA		CE(	2C ABF	FCC	) BC"
C<CFAAB	)F	ACBCCCACBCC	CBCC
B2CCA		CEC	)AB	CAABFCB 	CBE/CCA< 	CB%C 
	CBCC	ACACBCF	ACCE,	C+^_55<;$!-CAAB%
B	CBCCCCC+^_<;$!-<C2		CCCBB	ACBC)	CAC
		E / A		A   =A	2C C  CA	 C	C C 		 CA  	
=C+C)AB	ACA B-B	B	CB	%ABCCA	C	CB<BCB2AA
B 2	 C)	AC C BC C C B2CC  2CC   	 σ CA UE A
)	)E (BC A	CC &<#C	%ABC AB% CA A		C  BA	BC
B C 2	C C 		 A	C< C )	 C ABFC  <$?@ +
maxσ _<<
UE_&<*-E  C C B2CC A		C BBA 	ACBFC &<;" *<; $?@ C 2	
BBC  ABC BBCAAC ABBC +DCB< *# CA< <;$?@< #&` C C "
'3&<0a*<$?@-E
12AA&EDDED!ABD3#4DA&EA*BEDDBAB
$%DBEDCDEFDBABFBBD+A!DDB*BEDDBAB
DFED#156

*E 	)BBCCBCBCCABA	C	CBE
1C 	A	 A	2C ) 	BCC 		C  *1 A A B	C  
AB	C BCBCAC :H8ED" E CC BBCAAC CAACB ABBC +	A &<<
FCBABC3 0&-  A C B  FA  		C A	"	CB +_-E CC BAC
		<CB2CCCABC<;$?@CACBCBCC[<*$?@<CA	CC	 
	C 		2CBCB	) BCE  	C CA 	AACC		CA	"	CBEC
	CACBC	ABBC+O&&P-CACAC	ACBCF=B%BA	C!.E
(B CA	CB  BC	 ACC 	  A			A C !."	A<  BC	 C !. 	2C  A
A		CBC	AB	2CBBCA%CB	A"AECBA	CAA=	2CCA
B	CABC E

( )
( ) 1/
./
22
1 ≥=


−
dtMts
tdMts
P
P
classic
bit
 	ABCD
	A	B	CD	E	F	F	D	F		DDF	F	FF		
F		F	E	F	

#;


7DDDAED0DEFED!ABD#8ED!9B'	
FEEEABF!AB"

	A	AB	CC		C)B	2CC	BCACC	A+A
C&#< A	C4
*
-E(B2C	A	<A	CABC	C!.	2CCAC
	ABC	B!."	AE:H8ED"ABCCCACC	ABCFCBC)	
C BC	 C !. CA C !."	AE C 	 C !. CA C !."	A A )	) AB C #
A	C4
*
ESCBFC2CC	C!.CAAB%CFE(BABC<C!."	A<AAC	A
	C<#;BBBA!.EACB2CFCBCBC	C!."	A&A	C4
*

CC	2CC	CABC!."	ACA!.C2	A		CC2	CA
CE

:;EADEFED!ADEDABADAEDA.<E.<
$DE

C	A	CABBCCBCBCCABA	CA	CES	)CB
CABA	CA	C&A	C4
*
CBA	CBACCB	CB		CE

 BFABDEAD	FEABEA !CBA"
/ 	C C B	<  F CCA  	A	 B 	BCC 		C
A	2C  2C F	AE (B  F	A BC< C CABA	 C A	C C &
A	C4
*
 CA 		C FC  		C C &E C BC CAACB CA  B  	C
CCACEC	CCCF	ACAA		B	BCCABB	CB
=AB	CEF	ACACABCCC	B2	JCCBFCCBCACBB	AECC
		 CA 	C C	  	C CA C 	 CA CBC	AB B C BC BCACBE C
C)CCC	BC\BCCA	BCCB	ACC:H8ED"#E
H	< C BAAC!.CA!."	A AACCA"BBA C	)BC\EC
BAACACBCCBC	BCA	FCACC=CBA.CHE

 2923<. 2923$DE<.
(ACDEFD <&&  <55
(ACDEF;A ;<& *#<0
(ACDEF.F!A$ **< ; 0 <5
<A$2DADFA+$EDFBDD=DEDEF
ABED>EADB"A>BD!AED?B!AB"?.<EBDE?.<
$DE

	A	B	CD	E	F	F	D	F		DDF	F	FF		
F		F	E	F	

#


4(AAD)BBE(.<DAED%<%A	ABACDEFD$	A
BACDEFAB	ABACDEFF!A$

 	AC	A A	2C B	C<  !. BC C C BC	 ; 	
B	CBC  CC C  !. 	C C A		A C !."	AE (B JA		CB C BAA<  CA
BCBCBCACCFCCCF	AB:H8ED"#+CCB	AC-E(B
F	AC<CBFC2C2C2CBC)	FA2CCCC	CA%ACCA
BA	CC F	AF	BAAC	BC C BCCBCACBE(B ABC<CBFC
ACCBFCBBA	C@BCF	A	CCABC+	CBCA	CCP-E
SCA	BC2CBC	ACBCCCC)F	ACBICBBCCBCBE
.AC	<  CBFC 2C C  CBC	ABC A  C IC 	ACE / CCA<
	AC C   CBC	ABC +$- B  F	A BC CA # 	  BCE1B%
/2EDH"<	ACCBC	B%!."	ACA	CBBA	CC$ESCBFC	
2C C ACCBFCBBA	C F	ABCCA 2CC	C F	A	CE
CC)BCAC)	2CAC	);CABCCC)BAA<JB	A	FCA
CAB		CFC+$#	B-E
	
B AF	D			CD	E	 !	DB	
 F	AEBDEC	
(BB	CBCCAC)B	CACCA<FC	CF	AA
C B	 B	AC CA  		C A	"	CB A	A C A	C 	CB BBA	C
A	BCCAE 6 F  AB	A  	C C  * 	C	 FC C B	
B	AC C B	 +5)5)*;-E CC C 	A	2C +<;$?@< C  "'
#&`< DCB< .B< :BC- CAC  C 	C CAB	2C A	"F	C CA	%BCCA
BBC +BBCC< :BC- CA 	)C  C 	%C BAA	FC B CBCAABC 	BCAC
	BA	 			A	E 6 F A C) 	BA	 	A	AC C
ABB:H8ED"0ECCBC	%BC	BA	+-	A	)CB C)C
	CC<	%CBAA	FCCBCAAAC	BCABCBC"&b&b+:H8ED"0-CA--E
CC CC 	BA	  CB	 C 	)CB  C CBC		BCCA  )C  	C
+0&b-<	%CBAA	FCCBCAAAC	BCABCBC &b*&b+:H8ED"0-CAC--EC		C
	A+*&)0&) &<:H8ED"0--CA	B	AB	CBCF	AB%CFCBABCE

8(ACDEF.<F!A$A(D!AED AED!#A$AEEEABFAA0
!DEE=EA!F)3@)3@$DDEDDBFED!ABD3
ED!9B
'
EFADECAD37BB(D!AEDAACBED!#A$AEEEABF
83@EE=EA!F73@'3@.FEAED)%ABD!AED .FEAED
)%ABD!AEDA

	A	B	CD	E	F	F	D	F		DDF	F	FF		
F		F	E	F	

#0

C 		A	 CBCA F	B C C C)			A 2A   CB  		C
	A CA  	A	 C CAACBE 6   	FCA	CB CCA C 	CB 
		C	A	BA	&bE

 #AAEFDCEDADACB$FB%
 F	A CA C  C FC C @C CA  =BC +?8 *&&<S
B<,=DC</AA"C	-CA&CBA	CCF	AECCBCC	cC
CA	CC	 BBCAACCA		A C?BABA#BC				2C 
B	B	ACA	C8BCCCAACB"BCACBEC?BCBCACF=CB
CB	C2CC	2CCACBCACB	BCCBCC=CCEC
	)BC\ABJCAB C	2CCBC"A		AB 	FCBCC AB	C
?B 2	 CA C   AB	C CC"IC +AB	C BAC CA =AB	2C-E C
	) C  C 	2C A BCAB ACBCCCA CA B	 B C BC 
AC BCAB C  	A	 B !.E C )	  	 CA AB C A	 C
	CB		C	A:H8ED"&EC)B	CCCAC	AB	CCB	C
A	2C 		BC< MCA""	BC  C BC	 +;`  	 )	 C 		-E C
	)AC	ACBCB	BC	ECFCBCBC	BBCCA
BC	2CB	AACC	)	BCCC"	B	AA	2CE

3  DE  D $E A .< E .<$DE  DFE FAD 
DDDAEAA(.<F!A$BD!AED 

SCBFC2FCC!.<		CBC	CJAACA	CE/!."	A<
	 =   	 )	 B C 	CB  		C 	A CABC * CA  < C 2	 CA
BCAFCCBAAC	A	E(BCFCB	CBB	CBC<AAC
C 		A	 C 	AC C 	A	E C		C CF	CA AB 2C CA BAB	C
AB C 	E SB<  BBCAAC ABBC BC C CB	C  	A C 
	BA	 CAB"A	2CE CA BCA C)	2C 	 B2	   C C
CBACCAAC	BA	R C!.	2CCC		A	ESF	A	
AA	ABIA!."	A2	CCCCBACCBCBC!.B	C!.!."	A
C );<0 B _*E C 		C A	"	CB 	C CFCC  	 CA CBCA 		 C
)		CBCCA!."	AE(BBBABBCAAC2		CCCC+(_<$(-
C	IC	AC+41O<-<		A	CAC)5<0E

 #AAEF D CE DA BCE E EE DE C$CE
DABBDACEAB$FBA%E&
S B	C C IC BAC 2C  C BBC BCA C CA 
	BA	AB	2CC CAACBE,B :H8ED"-< 	BYA2C C	C
C	%BC			A	FCB		A		E<B:H8ED"-<	BYAC
	BCC 	BAAC C A	 C  BBCAACE C 	 CA )	 2 
BBCAACCAABCFCB BA	C+ &bCA&b-E(B2CCCACBC	ACBCC	A
	C<C	CBC_*CCC	CBBAAE(BBBA	BA	
< 	BA	'CF	A C	AC		CB			A	FCCAFC 	CB
		CEH=	CACCA	CCBACF	AE1C	A<CBCBA	CC
	C)BAB	BC		C	ACFCACB	BFCBCBB	%BC
CF	ACAIABCB	JCAC		C	AIABCBBBBCAACE


;EFADDDDAEDFEBD!AEDFEE
A(D!AED )3)3@$(D!AEDA73@'3@
	A	B	CD	E	F	F	D	F		DDF	F	FF		
F		F	E	F	

0

 / 		A	FC<  	BA	 A	C BCACC B C A	B  AC BC	 CA 
	BA	'FCCA	C &bCAC	CBC_EC	ACCA		C
) <BBBABBCAACCCCIC	ACC	CE


 #EDECCF$EFDEA	EEFA
C BC) CAACB FCA	C +dC BB=e- A 	
AB	2CCA	AB	%ABCCCA<2			ACBAC	BCA	F	AEC
CA	FCA A F	CB C	A CA A  	2CCA BC2	C
B	2CEA		CCB		ABCBCBBA	A	C
C  C )C AB  ABACBE B C  C CB  !.< C C AB C
BCBC 	ACBBCCCABA	FC B C ACB CA  B		C AC 	) F%BCB
		C B	B2CCAE FC C dC BB=e<  CA  		A  		 C
	C)  AB	C 	C< CCA C CA FA IABC B	2C   BC
CCE
6ABC =A%C C)	AC   	 2	 BFCB%BC   		C A	BCE /
	<BCBCBBA	A	CCACG4*A0BE		<	A		CC
ACB  BC 2C G4*< C 	BA	 CB CBC +C BCA	  C 		 B
B	B	A-ES CA B C 2A		CB C CBAC 		ACB CAA	 C  A	C
C CAACBE1	A C *#CA J	A	 +&<<&< G  <;$?@-<  CA 	CB
C)B	CACCACBAA2CB	ACFCICBCCAAB	C	FCC
CA  BE C  CBC	ABC CFCA IABC =CC B 	CB CA
J	A	CABCF=BCCA	ACABCEBBCAACCA
C	FCCA	CC	A3 5CA+<5<<5G-<*CA+*<#<*<#G-<
 CA+;< <;< G-<#CA+<*<<*G-CA5CA+**<5<**<5G-EH=
	CB \ B AC	B C 	 	E (B B	B	A< C 	 BCA	C CA
	BCCACBBCAACESCABCBC	A3
• SCBC	ABCC*#BC		CCCABC2CCACAC	A
	CE S CCAC  	A	 B C BC 		CC C C
=CAE(	3
o S BCA B C BC CA BBCAE CAAC BC
BBCCd	A	=AA	2CeE
o S C A"BBA	 C 	) B 	CB C !.E CAAC
BCCACCdFEE		FCeE
• S CA C 	) BCA	C C	 2C BC CAE S
CBC*#46BC		CCR6CACACBC	A	E
S BCA C 	) ACE CAAC BC CA CC dCE  	
FEFeE
dFCeCAdCE	FEFeF%BCA
IABCAACCA2	FCAC	2CA	CACICFCB2A	AA	FCE(BABC<
 =A%C B A"BBA	 C C  C IC BAAE CAAC A"BBA	
	A%BCCB	ABCAC	)B2C=	2CCA	CCBCEBC
	A	< CB	ACA=C	2C"BBCAACBF		EC BBA
	B	AFCBC	A	ECAACBCCACACBCB	AE
 	A	 CA CCAC B 	A	 =AA	2CB 	CB 	BA	
CABB:H8ED"*ECCBBCCCA	A	BBBCAACCCR
BCBCBBA	A	CCACFCECCA<BBCAAC=ACAB	CCCA
=	B	2C<CBFCCCBACC@B	CCABC	A	E1C	%BC
ABC"	A	A	FC<A	CA	CCBAC	A	B	BA	+_*<&b-
CA	BA	'+_*<&b-E(BABC<	BA	'+_*<0&b-<2	CACC2	
)		CCA	<	ACCCBAC	A	<			A2C
BCBCBBA	A	C	CA	CCAAC	BA	E

';EAEADFEEF!AABABEDCADBADAEDA
.<  D BD!AED? $AEE # 	B'B 3@ (D!AED  # 	B'B  :3@
(D!AEDA#	B'B83@(D!AEDA

CBAAABCA	BACCBCBCCAACBCA	CBCCG4*E
C)	AA	C	CCBCAA		CBCCAC	CC
BC A	CE (B 2CA<  BCBC CAACB	CA	B BBA  
CBCE.AC	<	ABCBMCB	A2CCCA	ACA	@CAB	2CA
	A	B	CD	E	F	F	D	F		DDF	F	FF		
F		F	E	F	

0

CFACMF	BC	CCAB	2CCFC<C2			CM	AC	ACMC
2	 CA IABC 	C  	C CABYC C C)	A CA	BC FC  C	A
M	AB	BCCCAMAA	CAB	2CE
/ABC<	BYA2C	BA	A	C+_*<&b &b-<	=	
C CBAC 2C B  BBCAAC CC 	A  CE  A C F	B A		CB 
AB	C CA  		A	 C CAACB  C C CA A	BC C  		< 
BCA	CB2CC	ACCBCA	CC	A	CCAACBCBCACBCBC
BBA	 A	C CABC C CAACBE H CA CF	CC C BCB C CAACB A 
A	CC)%C*GAAC=ACCBAC2	FCAC)BC)FCA	C2	C
AAB	2CCA	E

 %$CBDAE
C BC) FCA	C C 	C A 		A  2C2C 		%ABC 
A	CAB	2C	CCC 	BCA	F	ACABACBEAB	BC<
C !. CBCA C BCB C A	AC CA F	BAC 2	 CBCAABA F	B
CCC)			ACACBCA		CE(B2A		CBC)B	CACCA
ACC C  @C 2C  CA AB	ACB FC C CBA	C BC	< 	CB 	A	
FC  F	A C 	BA	 +&b- A A B	CB !."	AE  :H8ED" BCBCAC C
=C AB) C BC	 AAC	AC B !."	A B 	BCAC 	BA	3 F	A
CC< F	A FC 	CB 	CB C 		C 	A CA BBCAAC CCE  BBCAAC<
CAACB < %C  BCB A	   	CE CCA C  F	A CA 	
	A	BAB	CCCBCB	%BCEBCBA	CF	A
 A	C CA  IC BBC 2C  BBCAAC CCE (B ABC< JA C 2C2C
	CBC		CA	"	CB CAC BCCA  BCB A	E1C CBAC
C	C;`CBC	CFCAIABCAAC5&C)C=A%CEJACB
BBC B  BBA	A	 A	BC C 	CB CBCA  AC	B C ACC
A		BAACE
) *BA AEFA A!AED FBED>  BD!AED   	 .<$DE E FADF 
B"A>DEDAEFA
 	BA	' + &b< _- 2	  A BCACC B CBCAC A		A	 
C	ACAA	CECCBCAACCACC IC\2CBCCA<
F	B2C	A	B!."	ACAB	C	BCAC	A	ABC+:H8ED"5--CA
)	C+:H8ED"5--E

-(D!AEDAA!73@#	B)BA*BAAEFAA!AEDFBED>$*BA
A0DAA!AEDFBED>	.<$DEEFADFB"A>DED
-40 -30 -20 -10 0 10 20 30 40
0.82
0.84
0.86
0.88
0.9
0.92
0.94
0.96
0.98
1
Axe latéral (mm)
Pr
e
ss
io
n
 
n
o
rm
a
lis
ée
 
 
cavité
cavité+2cm
cavité+3cm
cavité+5cm
cavité+6cm
barrette seule
	A	B	CD	E	F	F	D	F		DDF	F	FF		
F		F	E	F	

0;


A		CCAIABCB	CBCBCBBC2CFCBABC
CF	AEBCBA	ABC" 'CAC*CA"'C +B2C
FCBABCCAC5-E1C<B CCAC 	A	C  CA	CCFA	2	
	C#&CBA	CCF	A<BC	CACBC	CBCBE
C	CA)ACCBFCBBA	2	A2C	C	CCC
	FCB	A	BCE/		A	FC<	CA	CC	CB" 'BCACCCCA
"'BCACCCE(B	ABCBC	<CBC	AB	BAB	
	A		A	ACAB		A	ABCCCC;&+:H8ED";-FCF	A
AB	"C C B CIC B		C CA BCAC   BA	C /E C AB	 =C A
CBCAF=2	=CCCBACCBC	)	CE


1.FEAEDA0DDEDBADAEDDEDBE
ABF13B"AB
/ A	 C  BC	 )	C 2	 CA IABC AAC	AC< ABC =A%C CA 
CC AB	ACBCAB% BC@CCB	2CCA CAACBE	A	
=	2CCBCACF	CBCAB	ACCABCCFCCAB	CCCfBE
C	BCCCB	CCA	CACCBACB%CB@CAB	ACB
BCACB AJB   @C A	  =A%CE CCA< 	 CA C	BC CACB
CBCBC	C	A	BAAC	BCCC	CF	AA	E
 
"B DFF	 	 	 CD	 D	 	 	 	 F	
FB	
 ECCEBA'EBFBCAEFDAC	C	B
B2CC	ACCBA	F	ACFCAAAC	BC*%ABC<	CA
C	BCC	BCB	BA		C	BCA	CFA	ECBBCAAC
ABBC		BCAAJBC	C	CFA	CBC2CC
	ACB"CAE  BBCAAC 2C   A		C +DCB< <;$?@< *# CA- %C C
BCBCFA	C*&ECAACBBCAACAA	CCFA	< C 	C
B)		A C  BBCAAC BCAC E /	AC< C 	C 	FCBC CA  BCB CA  2C
CES CA  CF	CB A		CB C CA	C C BA	C C  F	A B BC	CB
	BCA	CFA	ACABFCFCC!.C)	C	E
CCCA	C"FC)CC(1$,+="	A=	)C-AB	2C	C
CC(DE(BCB CB=CBBCC<A		C BCA	CCA	C
	C3
 ( ) 





−−=
210
1111
RR
nf  (Eq. V-15) 
R&CACCCA	C<
1c
c
n eau= CA		CA	2CAB	CCA	C
+BBCC3C< F	ACC  CA	C-< !CA C B=CBBCFA 		CAA C
CABCCAFA		CACA!*CACB=CBBCACCABCCAFAAB		EC
 	C  B	A	CAC		B! 			< MCA""	BC2 FAC  CA	C CA
ESB3    

( )
20
11
R
n
f
−
−=  (Eq. V-16) 
Les propriétés acoustiques (vitesse du son, atténuation et densité) dans le PDMS ont été 
évaluées par Valentin Leroy et Alice Bretagne:    
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L’impédance acoustique du PDMS est donc de ZPDMS=1,04MRa avec un coefficient de 
réflexion de l’eau au PDMS de 0,18 ce qui reste raisonnable. En choisissant une focale de 
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Pour minimiser l’épaisseur de la lentille, on peut prendre les mêmes courbures R1 et R2 en 
posant R0=R1=-R2. On augmente alors le rayon de courbure d’un facteur 2 par rapport à une 
lentille plan-convexe :  
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